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Abstract. 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, due in
part to increased development in rural areas, fuel management policies, and climate
change, all of which are projected to increase in the future. This two-part review pre-
sents an overview of research on the pathways for fire spread in the WUI. Recent
involvement of the fire science community in WUTI fire research has led to some great
advances in knowledge; however, much work is left to be done. While the general
pathways for fire spread in the WUI (radiative, flame, 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 struc-
tures and communities are not well known or well understood. This first part of the
review covers the current state of the WUI and existing knowledge on exposure con-
ditions. Recommendations for future research and development are also presented for
each part of the review.
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1. Introduction

Even though the term ““wildland—urban interface” generates the perception of a
problem that is determined solely by geographic location, the WUI problem can
also be envisioned as a structure ignition problem [1]. If structures are safeguarded
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against ignition sources, property loss and costs incurred (not to mention poten-
tial loss of life) can be avoided. Changing the area around a structure—specifically
the surrounding fuel and topography—will affect the exposure conditions that
have an impact on the structure. On the other hand, if the pathways to ignition
are fundamentally prevented via hardening structures, communities, and sur-
rounding wildland, then the WUI problem can be greatly reduced. A coupled
approach of managing landscapes to reduce fire, ember, and radiation exposure
conditions, while at the same time engineering structures to resist these exposures,
has perhaps the best chance of success. The purpose of this review is to detail the
known pathways by which 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. Part I of the review focuses on understanding
and quantification of exposure conditions, while Part II [2] focuses on the coupled
response of components and systems to fire exposure conditions and the effect of
mitigation strategies.

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 mini-
mized or eliminated through proper vegetation selection, location and manage-
ment, 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) [3]. Second, direct flame contact exposure,
which occurs when flames from smaller fires are in contact with adjacent struc-
tural elements, such as litter or wood piles. This exposure can be mitigated by cre-
ating a similar defensible space around structures that is 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) [4]. Protection of structures must
therefore incorporate all of these potential sources of ignition, as well as the
cumulative effects of fires on nearby surrounding structures within the community.
Indirect exposure, specifically exposure from firebrands, deserves particular atten-
tion due to recent data that indicates that at least 50% of ignitions, if not more,
are due to firebrands [5].

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 is not well known. Spearheaded by the California fire season of
1985, a joint initiative by the National Fire Protection Association (NFPA) and

! The terms brand, firebrand, flaming brand, flying brand, burning brand, ember, flying ember, and
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.
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the USDA Forest Service (USFS) highlighted the WUI problem and generated
initial research into the problem [6, 7]. As a result, several research projects were
begun to study the radiative exposure of building assemblies to large wildland
fires. Over the past decade, the fire science community has come to further recog-
nize the WUI problem specifically, and several organizations have devoted consid-
erable resources to investigation of the additional processes of low-intensity flames
and firebrands. While a significant body of work exists on the transport of fire-
brands [8, 9], quantitative ember exposure, ignition properties, and vulnerabilities
of structures to embers has only recently been studied [10]. Different frameworks
for wildfire risk assessments are available [11, 12], but the existing frameworks
only allow qualitative predictions of radiative exposure. Significant assumptions
are made when using many of these tools, such as ignoring firebrands and assum-
ing that fires will only 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 [3].

The National Institute of Standards and Technology (NIST), the USFS and the
Insurance Institute for Business & Home Safety (IBHS) have devoted their resour-
ces to identifying clear vulnerabilities of WUTI structures to low intensity fires and
firebrands, including vulnerabilities in the roofing components, eaves, vents, wood
piles, mulch, fences, decks, etc. [3, 4, 13, 14]. Many fundamental studies have also
been conducted which aid in our understanding of ignition of fuel beds by fire-
brands [15-17]. The development of devices capable of simulating a shower of
firebrands, such as the NIST Firebrand Generator, referred to as the NIST Dra-
gon [10], as well as several detailed post-fire investigations [13, 14, 18-20], have
been particularly significant in developing an understanding of quantitative ember
exposure and the effect of the arrangement of homes and layout of communities
(land-use planning) [20, 21].

2. The Wildland=-Urban Interface Problem

The definition of what community areas are WUI often encompasses a compar-
ison of the housing density and location of surrounding wildland [22]. According
to the Federal Register of the United States, the WUI “‘exists where humans and
their development meet or intermix with wildland fuel” [23]. They go on to desig-
nate three types of communities in the WUI. First, an interface community occurs
where structures directly abut wildland fuels. Second, an intermix community
occurs where structures are scattered throughout a wildland area. Finally, an
occluded community is defined as one that has an “island” of wildland fuels, in
the form of a park or canyon, within a broader urban landscape. The WUI can
be defined as encompassing all of the above communities, as the risks remain vir-
tually the same. Many studies have worked to define this interface boundary and
map it; however, this will not be a focus of this report and can be found else-
where [24-26].

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
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Figure 1. Historical data on structures burned per year in wildfires in
(leff) the United States from [34] and (righf) structures burned in
bushfires in Australia over the last 100 years from [31]. Note the
scales and years presented are different due to data available in each
country.

1871, the Peshtigo Fire killed between 1500 and 2500 people and burned around
0.6 million hectares, completely destroying twelve communities [27]. Comparing
that to the Great Chicago Fire, which killed about 300 people and burned down
only 855 hectares, shows the extent to which these events differed. Despite the tra-
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Figure 2. Annual number of fires (102) and area burned (million
hectares) in the United States by year. 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
[35].
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gic 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 [28]. The Peshtigo Fire and subsequent wildland and WUI fires
between 1896 and 1910 served as catalysts for the “fire exclusion” movement—a
push for fire control and suppression of wildfires, largely led by the USFS [29].
Despite this long history of fire suppression of in the United States, the fre-
quency and severity of wildland fires has continued to increase, especially recently.
There has been an increase in WUI fires worldwide, particularly in Brazil, Aus-
tralia, China, Russia, the United States, and the Mediterranean [30]. Large WUI
conflagrations in the United States, 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.
An illustration of this problem is presented in Figure 1, which shows the number
of structures lost per year to wildfire in the United States from 1999 to 2013 as
well as the number of homes lost to Australian bushfires in the last 100 years [31].
In Russia in 2010, nearly 150 structures and settlements were damaged as a result
of WUI fires [30]. Figure 2 shows the number of fires and acreage burned per year
in the United States from 1985 to 2014. Despite stagnant or decreasing numbers
of fires per year, there is a clear increase in the size of fires seen. Recent data
shows that 3% of the wildland fires in the United States are now responsible for
97% of the area burned [32]. Following decades of intense wildfire suppression
policies, large areas of unburned fuels have built up in the wildland and con-
tribute to the growing size and intensity of wildland fires. Known as the fire para-
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Figure 3. Federal suppression costs per year from 1985 to 2014.
With increasing WUI development and areas burned by WUI fires, the
federal suppression costs of the United States is predicted to continuve
to increase with the possibility of maxing out the entire annual bud-
get of the USFS.
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dox, wildfire suppression, which was meant to eliminate large and damaging wild-
fires, has in turn ensured the inevitable occurrence of these fires [33].

According to some studies in the United States, around 30 million hectares of
national forest land meet high priority for treatment of fuel buildup in WUI
areas. Additionally, a mass movement from urban residences to rural communities
has increased the size of the WUI. This transition has increased the number of at-
risk homes significantly. In 2000, WUI development was estimated to cover 46.5
million hectares, an expansion of 50% from 1970 [36]. In the western United
States, 50% of future housing development is estimated to occur in the WUI [37],
highlighting a massive increase in future WUI lands. With only 14% of the inter-
face developed, firefighting costs are now between $630 million and $1.2 billion
per year. It is projected that if 50% of the interface were to be developed, the cost
would range from $2.3 billion to $4.3 billion per year. These costs could make up
nearly the entire annual budget of the USFS, which was $4.5 billion in 2008; as a
result, improved land-use planning is critical [37]. Figure 3 shows the annual cost
of firefighting to the federal government in the United States between 1985 and
2014, which increased from nearly half a billion dollars a year to more than two
billion a year in the late 2010s. Note, this figure only accounts for federal fire sup-
pression costs, which by some estimates are only 32% of wildfire protection fund-
ing on federal lands [38]. Several billion dollars are additionally spent on other
wildfire related costs, such as preparedness, fuel reduction, and emergency funds.

With the advent of more extreme fires becoming the norm, a different thought
process than that used for traditional structural firefighting techniques and risk
assessments. A WUI fire disaster depends on the exposure of vulnerable homes to
uncontrollable, extreme fire behavior. If the number of burning and vulnerable
homes overwhelms the local fire protection capability, fire protection effectiveness
is reduced and many homes are left unprotected. A WUI fire disaster can be avoi-
ded, even during extreme wildfire conditions, if homes are ignition-resistant [22].
In a study of bushfire-related home losses in Australia, it was found that nearly
all losses occurred during extreme fire danger conditions, namely low humidity
and high winds [39]. In structural firefighting, the assumption for most occupan-
cies 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 WUTI fires, the fire department cannot be relied upon
to provide full extinguishment because many buildings burn down due to fire-
brand ignition tens of hours after the main fire line has passed. 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 com-
munities miles away. Firebrands can also be transported several kilometers ahead
of the front depending on atmospheric conditions, resulting in a large area affec-
ted by either firebrands, spot fires, or the main fireline. No firefighting crew has
sufficient resources to cover such a large area [40]. 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. home-
owner checklists, mesh coverings for vents) pale in comparison to those developed
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for use within buildings (e.g. fire sprinklers, smoke detectors, fire retardant materi-
als). One strategy is to provide protection by limiting the pathways by which fire-
brands or other fire sources can penetrate a property or community, a method
which Part II of this review will discuss [2].

There are many ways to reduce WUTI ignitions beyond direct structure protec-
tion. Local laws addressing defensible space, ingress, egress, and water supply can
create a safer environment for firefighters, resulting in more structures being saved
[37]. Many of these issues are already covered in existing codes and standards;
however, they could be improved with further knowledge including case studies
and research [41-43]. Data needed for quantitative risk analysis, such as wildfire
exposure conditions or the reaction of components to these conditions, is severely
lacking [12].

As protection of property in the WUI has now become an increasing firefight-
ing priority, firefighters are constantly endangered while striving to protect struc-
tures. In 2013, 97 firefighters died in the United States while on-duty. Of these, 28
of the deaths occurred at ten separate wildland fires. An average of four wildland
firefighters have died annually in the United States at wildland fires or prescribed
burns in the years 2002-2012. Most recently, the Yarnell Hill Fire in Arizona,
USA killed nineteen members of a hotshot wildland firefighting crew, and huge
media attention was focused toward the problem of safe WUI firefighting [44].
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 [10]. Community
planning needs to include firefighter safety: access to safety zones, adequate egress,
etc. [45].

Despite the discussion of fire statistics in the United States, significant fires have
occurred worldwide in recent history. Some of these events include the 2009 Black
Saturday Fires in Victoria, Australia, which resulted in the deaths of 173 people
and the destruction of over 2000 homes [46]; several fires in the Mediterranean,
including fires in Portugal, France, and Spain in 2003 [47], as well a string of fires
in 2005, 2006, and 2007 [47]; a major WUI fire in the town of Valpariso, Chile,
which killed 15 people and destroyed over 2900 homes [48].

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 [49]. Fire management policies may have to shift in the future as cli-
mate, rather than human intervention, plays a stronger role in driving fire trends
than it has over the past two centuries [50]. In the western United States in partic-
ular, a significant increasing trend in the number and size of wildland fires has
been found between 1984 and 2011, with fires increasing by a rate of seven fires
per year and 35,500 hectares burned per year. These changes were most significant
for southern or mountain ecoregions, where drought was a significant source of
increased fire severity [51]. While climate change may be a significant driver in
making the wildland fire problem worse in some regions, proper forest manage-
ment practices, such as prescribed burning, may help to combat the problem by
both reducing the intensity of eventual fires and limiting net carbon emissions.
Wiedinmyer and Hurteau [52] estimated that 18% to 25% reductions in CO,
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emissions are possible in the western United States—with as much as 60% in
specific ecosystems—by proper prescribed fire use and management practices.

3. Exposure Conditions

Fundamentally, ignition is the process by which a sustained combustion reaction
is initiated [53]. 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 pyroly-
sis vapors from the solid. Often there are enough flaming sources in the vicinity of
a large wildland fire to assume that piloted ignition will occur for worst-case haz-
ard analyses. Exposure conditions are often studied to assess what thermal insult
they can impart to building materials to cause them to ignite. Typically this ther-
mal 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 [54].
Three primary categories, radiant exposure, direct flame contact, and firebrands,
can be used to describe the types of fire exposure typically imparted to structures
in the WUI.

3.1. Radiant Exposure

Exposure of structural elements to radiant heating is probably the most well-stud-
ied exposure condition in wildland fires. A significant body of literature is avail-
able on means of calculating radiant exposure from a fire [55, 56], and radiant
ignition of a solid fuel has been understood theoretically [57] and practically [53,
54] for some time. Therefore, most early research on the WUI focused on radiant
exposure to structures.

Radiant emissions from a fire to a structure or other fuel are easy to estimate;
however, a precise calculation, even with advanced numerical tools, is difficult to
achieve. In its simplest form, the heat flux per unit area from a gray-body fire sep-
arated from a target fuel can be expressed as

f]'l'ad=F12€0(Tf—T6‘)7 (1)

where ¢ is the emissivity of the body, ¢ Stefan-Boltzmann’s constant, 7y the flame
temperature, 7p the ambient temperature, and Fj, the view factor between some
assumed shape of the flame and the target fuel. Of course, in order to solve this
equation some relatively drastic assumptions must be made, most notably an
assumption for the shape of the flame and its emissivity. The fire protection litera-
ture has a lot of experience with these calculations [58, 59], with notable correla-
tions tested under a wide range of conditions from pool fire sources. While they
are not exact calculations, they have been at least moderately successful at pre-
dicting heat fluxes from crown fires [60]. Tables for view factors between differ-
ently-shaped objects can be found in the heat transfer literature [61].
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Before the 1980s, there was little data to support quantitative findings on the
amount of radiant exposure possible from an approaching wildland fire. Initial
studies after this time utilized simplified models to determine the radiant exposure
possible between an approaching wildland fire and a simulated wooden siding of a
home [1, 11, 60, 62—64], in order to assess worst-case separation distances. These
computational models over-estimated the radiant heat flux that would come from
an approaching crown fire, which was assumed to be a worst-case scenario, to
incident wood panels [64]. Laboratory experiments produced results that the
model was able to predict [60]. These calculations estimated that approaching fires
with very long flame lengths (e.g. crown fires) could ignite homes at most up to
40 m 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 [65].

Testing by Cohen et al., as part of the International Crown Fire Modeling
Experiments [66, 67], 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 [11]. The
derived flux-time correlation identified two primary ignition criteria for wood: a
minimum critical heat flux of 13 kW/m? and a critical heating dosage level which
accumulates over time [11]. Interestingly, actual crown fires only transferred heat
sufficiently to ignite half of the wood panels at 10 m, where high radiant heat
fluxes up to 150 kW/m? were observed. No panels at 20 m or beyond ever ignited
and heat fluxes at these distances 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) [11, 68]. Although the experimental conditions were not those that
are presented in extreme wildfires, due to differences in weather, fuels, and topog-
raphy, 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 [1].

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. Sev-
eral studies, primarily conducted by the USFS in large wildland fires, both pre-
scribed and uncontrolled, have used instrument packages to measure radiant heat
fluxes, among other quantities [69-74]. They have measured peak irradiances
beneath crown fires of 200 kW/m? to 300 kW/m? 100 kW/m? for surface fires,
and 132 kW/m? for shrub fuels. All of these studies have focused on wildland
rather than WUI fires.

Recently, Kuznetsov et al. tested cylindrical pine wood samples under static and
decreasing radiant heat flux. They found that surface temperatures of the wood
samples reached critical values faster under variable heat flux, and thus ignited
more quickly than under static conditions. Heat flux in wildland fires is often vari-
able, not a constant value [75].

In order to determine radiative heat fluxes, flame lengths and fire intensity can
first be determined using standard fire behavior modeling tools from the wildland
fire community (e.g. Rothermel [76]). These tools can be used to determine radiant
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heat fluxes for different exposure conditions of fuel, topography, weather, humid-
ity, etc. and different separation distances [64]. These calculations often give the
farthest distance flammable vegetation should be located near the home. More
information on material available to estimate clearing distance will be covered in
Sect. 3.2.1.

3.2. 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 lit-
erature, which describes flame lengths of vegetative fuels under various ambient
conditions.” A study by Grishin et al. compared the effects of direct flame contact
from a propagating grassland fire on fences and uniform wooden shields. They
found that fences sustained less damage than uniform shields, when they were
exposed to flames and heat fluxes up to 8.4 kW/m>. They noted that the uniform
wooden shields were exposed to the flames longer, because the gaps in the fence
allowed flames to continue propagation across the grassland [30].

Porterie et al. have studied the thermal impact of a fire plume on a structure
using a computational fluid dynamics (CFD) model, by modeling a concrete struc-
ture and a gas burner set to a heat release rate found from vegetative fuels. They
studied the combined effect of radiation and convection over a 150 s time period
and found that the combination (rather than just radiation) caused increased
structure temperatures, as well as a plume that flattened against the structure in
5 m/s winds. Temperatures reached a maximum of 350 K in the concrete; how-
ever, the authors predicted that in a similar situation, temperatures would reach
460 K in wood, given the different thermal properties. Nonetheless, this tempera-
ture is below the auto-ignition temperature of wood, indicating that direct flame
contact or firebrand impact is necessary to cause structural ignition [77].

Direct flame contact is not typically considered a direct source of ignition of a
structure when brush and other wildland fuels are cleared away. It can be a sec-
ondary source of ignition 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 kW/m? to 70 kW/m? for laminar flames
[78] or 20 kW/m? to 40 kW/m? [79] for turbulent flames, sufficient to ignite com-
ponents of a structure [53]. As the size of a flame source increases, materials are
exposed to similar heat fluxes over a larger area. This result was found for studies
that showed that increased burner sizes did not result in increased heat fluxes [80].
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 igni-
tion.

3.2.1. Fire Behavior The steady rate of spread (ROS) of a wildland fire is a rele-
vant 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

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 [192].
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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 science, can be determined from the steady ROS
via Byram’s correlation. This quantity is derived by multiplying the ROS by the
heat content of the fuel and the fuel load consumed in the flaming front [81]. Fire-
line intensity can then be related to the flame length via correlations by Byram for
surface fuels [81] and Thomas for crown fuels [82]. Flame lengths can be useful in
estimation of radiant heat fluxes from approaching fires [83]. It should be noted
that it is difficult to interpret flame length values for deep fuel beds.

Pastor et al. provide a review of the development of fire spread models, includ-
ing surface, crown and ground spread, as well as spread by spotting [84]. Morvan
et al. also review of fire behavior models used and developed in Australia,
Canada, and Europe. They also identify research needs, particularly concerning
conducting experimental fires under a greater range of conditions, and creating a
link between empirical and physical models [85]. Both reviews highlight different
equations and correlations that can be used, in addition to Byram’s, mentioned
above.

Several numerical modeling tools are available to calculate the relevant fire
behavior parameters. BehavePlus can calculate one dimensional fire properties
such as ROS, fireline intensity, and flame length [86]. FlamMap is available to
spatially calculate these values over a geolocated map [87]. FARSITE can then
calculate these parameters temporally to provide predictions of fire spread [88, 89].
All of these tools are available through the USFS.?

Other modeling tools are available in other countries. In Canada, most models
use the Canadian Forest Fire Danger Rating System (CFFDRS) and its Fire
Behavior Prediction System (CFBPS) [85, 90], which is based on significant funda-
mental work by Van Wagner [91]. In Australia, models are based on McArthur
for grasslands [92, 93] and eucalypt forests [94] in their fire rating danger system
(FDRS). 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 the MacArthur grassland FDRS as
the preferred tool for grassland fires [95]. Sullivan has presented an extensive
review of available models for wildland fire spread worldwide, including physical
and quasi-physical models [96], empirical and quasi-empirical models [97], and
numerical simulation tools [85, 98].

Despite a wide availability of literature on the fire behavior of traditional vege-
tation under a range of conditions, these models are almost all semi- or fully-em-
pirical approximations of observed phenomena fitted to specific fire conditions.
Without a firm physical basis of fundamental heat transfer and combustion pro-
cesses that drive spread, these models may break down under untested conditions,
in particular under extreme fire conditions [99]. 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.

* http://www.firelab.org/.
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Additionally, risk mapping can be used in conjunction with models to deter-
mine high risk areas and communities that can be affected severely by wildland
fires. In the report on the Fire Paradox project, Lampin-Maillet et al. outline a
risk mapping method that combines vegetation and housing density, to come up
with a risk map used for mitigation work [47]. Further risk mitigation methods
are discussed in Part II of this paper [2].

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 [100]. 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 sur-
face, and increase rates of flame spread up to six times or more [101-103]. While
several models are available to describe this effect [100], these models are designed
for firefighter safety, rather than WUI design. Nonetheless, community designers
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.

Models seem to be unable to predict thresholds of fire spread, such as the initi-
ation, acceleration, or cessation of fire spread [104], which becomes significant
when modeling potential effects of firebreaks. Syphard 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 [105, 106]. Finney et al.
have highlighted these and many other problems with current models [99] and
recently presented new theories on how fire spreads to resolve some of these dis-
crepancies [107, 108]; however, until the results of this and other work are fin-
ished, current models should be used with the understanding that their results are
limited, but provide the best estimates of fire behavior available today. It is
important to 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 modify winds that may affect spread parameters [109], although investigation
by NIST has indicated that rates of spread in the WUI are lower than in sur-
rounding vegetative fuels [20].

3.3. Firebrands

Firebrands are thought to be one of the primary sources of ignition in the wild-
land—urban interface. During wind-driven or very intense fires, so many firebrands
are produced and transported that they are often called firebrand ‘‘showers”,
“storms,” or ‘“blizzards,” and they can ignite spot fires far downstream of the
main fire front. Firebrands present hazards in the WUI 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 [110]. 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
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down during a fire. In the Grass Valley fire, 193 of 199 homes destroyed were
thought to have ignited due to indirect contact, i.e. firebrand attack, as the areas
around homes were untouched [19]. In more detailed investigations, such as the
Witch Creek and Guejito fires, firebrands were found to be a major threat to
homes, estimated to be responsible for as high as two-thirds of losses [12]. Igni-
tion from firebrands depends on the conditions of the fire. This paper will review
existing knowledge on the generation, transport, and physical mechanisms of tran-
sition to flaming, while Part II of the review will cover specific vulnerabilities of
structures to firebrand ignition [2].

Detailed knowledge of firebrand production, transport, and ignition may be
able to assist future prevention efforts. Modeling ignition of structures, perhaps
statistically, may be a possible application of further knowledge of firebrands. To
use firebrand data in ignition models, statistical information on firebrands gener-
ated from both vegetation and ignited structures, potential transport distances for
the brands, and the probability they will ignite structures, vegetation or other
nearby flammable material must be assembled. For now, worst-case scenarios
must become the focus of all risk modeling efforts, as the most extreme fires are
the ones causing WUI disasters. Using worst-case scenarios for modeling WUI
fires will require information about firebrands under high winds and high fire
intensities. Characterizing this worst-case firebrand flux, how far embers can tra-
vel, and their likelihood of igniting different materials is needed as a first step to
inform these risk modeling efforts. Reviews by Babrauskas [80], Koo [40] and
Mangzello [10] should be referenced for further information beyond relevant details
provided here.

3.3.1. Firebrand Production Numerous studies have now been conducted focusing
on the generation of firebrands from vegetation, full structures, structural compo-
nents, and a few actual WUI and wildland fires. These studies tend to focus on
the size, distribution, and flux of firebrands generated by the fire by collecting
them at various locations downstream. This information may someday be useful
in modeling fire spread in the WUI, particularly because fire models often make
assumptions about the size and shape of firebrands. These assumptions are used
to predict transport of firebrands, but may not represent what actually occurs [40,
111].

A summary of studies on firebrand production is provided in Table 1. This
table shows that existing firebrand production studies have been conducted on a
number of wildland and structural fuels under limited fuel moisture content (MC),
relative humidity (RH), and environmental conditions. For example, the studies in
Table 1 did not consider the combined effect of radiation and wind (a realistic
condition for fuels during a wildland fire) on ember production and related char-
acteristics, but have started to bridge the gap and provide knowledge of processes
occurring in a repeatable and documented way.

For vegetative fuels, controlled laboratory tests were performed by Manzello
et al. [121] to collect firebrands off of 2.6 m to 5.2 m tall Douglas fir trees at
NIST. This work presented a framework for the collection and description of fire-
brands, ultimately classifying them by mass distributions after collection in water
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Figure 4. The mass distribution of collected firebrands from 2.6 m
tall Douglas fir, 4 m tall Korean pine trees, and 5.2 m Douglas fir
frees from Manzello et al. [120, 121].

pans. The majority of these collected firebrands were found to have a mass less
than 0.3 g, with the distribution of larger brands falling off steeply, as shown in
Figure 4. The average firebrand size for the 2.6 m Douglas fir tree 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 g 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 than 30%. All firebrands were cylindrical
in shape, and the surface area appeared to be directly related to the mass of the
brands [121].

Later experiments performed by Manzello et al. [120] at the Building Research
Institute (BRI) in Japan investigated Korean pine under varying wind and mois-
ture conditions. Trees were all 4 m tall, and the moisture content was varied
between 10% and 100% on a dry-mass basis. Collected firebrands were cylindrical
in shape, similar to experiments on Douglas fir [121]. The average firebrand size
was 5 mm in diameter and 40 mm in length. The mass distributions collected are
shown side by side in Figure 4.

The distributions of firebrands from structures and vegetation have been pre-
sented in terms of both mass and projected surface area [124]. It is useful to deter-
mine a relationship between these two quantities because it is easier to measure
either mass or size, not both. In a controlled study by Zhou et al. on square fire-
brands generated in the NIST Dragon [127], firebrand mass and projected area (as
would be seen in a photograph of brands on a surface) were somewhat linearly
related. Tohidi et al. [128] presented scaling analyses between firebrand mass and
actual surface area, finding that the surface area should be related in power-law
form to the mass to the 2/3 power, somewhat different than the linear result from
Zhou et al. [127]. The difference may occur because Tohidi et al. [128] focused
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Figure 5. A comparison of the projected area distribution of fire-
brands from structures burning by Vodvarka [113] and two collection
distances from Suzuki et al. [124].

exclusively on cylindrical brands taken from experiments on pine trees [120, 121],
while the controlled NIST Dragon study used wood cubes [127]. As firebrands in
real studies may be cylindrical, spherical, or wafer shaped, there may be different
relationships based on shape.

Experiments have been performed on burning structures to measure the mass
and size distribution of firebrands found downwind. Waterman was among the
first to study firebrand generation from structures by burning wood shingle roof
constructions on complete homes [114]. Brands were collected via a screen trap
and quenching pools under conditions that varied the wind and heights of build-
ings. As expected, wood shingle roofs were found to be much more effective in
producing firebrands than were asphalt shingle roofs, which have a layer of ply-
wood under the shingles. The firebrands collected were mostly disc-shaped [129].

The earliest documented studies of full structures burning were by Vodvarka,
who measured firebrand size and transport distances from five full-scale wood-
framed house fires [112, 113]. Small firebrands dominated the distribution with
89% of the firebrands smaller than 0.23 cm”. In two of the building fires, a major-
ity of the firebrands were deposited at a single location downstream, with one
sheet used to measure the firebrand distribution receiving over 97% of all depos-
ited brands. The number of brands produced was correlated with the time that the
fire started to vent through the roof—earlier venting correlated to more brand
production. Most brands found were thought to be from roof components includ-
ing shingles and tar paper or from portions of burnt wood decking [80].
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Figure 6. Firebrand size distributions from a full structure in a 6 m/s
wind by Suzuki et al. [123], a full structure by Yoshioka et al. with
wet and dry pans capturing brands [119], 18 m and 4 m from a full-
scale structure by Suzuki et al. [124].

Yoshioka et al. used a crib fire to ignite a wooden house and collected fire-
brands from both the crib fire and the house fire at the BRI Fire Research Wind
Tunnel Facility (FRWTF). They collected brands in both wet and dry pans at the
outlet of the wind tunnel [119]. A later test was performed by Suzuki et al. [124]
on a controlled burn of a structure in California. During the test, a significant
amount of water was intermittently applied to the structure via several hose
streams in order to prevent spread to adjacent structures. They found that the
majority of firebrands were produced from the structure during burning, not dur-
ing the application of water to the structure. The impact of water application on
the fire is not known, but it could both increase the number of firebrands due to
the momentum of the hose stream impacting the structure, while at the same time
reduce the buoyancy of the plume, which would lead to smaller firebrands being
lofted. In this test, 95% of the firebrands were collected about 18 m from the
structure, and 96% of those collected 4 m from the structure had less than a
10 cm? projected area. The results from Suzuki et al. [124] are compared to previ-
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Figure 7. Distributions of the area burned measured from holes in a
trampoline following the Angora fire [126, 130] and Bastrop Com-
plex Fire [125].

ous studies by Vodvarka [112, 113] in Figure 5. Future testing on similar struc-
tures with and without water application should be performed to characterize the
influence of water application on firebrand generation and potentially inform rec-
ommendations for WUTI firefighting practices.

In a more recent study, Suzuki et al. burned full-scale structures at the BRI
FRWTF with a 6 m/s wind [123]. More than 90% of collected 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 (namely wet
and dry pans) were shown to induce some small differences between this study
and previous studies. This is most likely because a dry pan does not extinguish
collected brands, which continue to burn and decrease in area, while the wet pan
extinguishes brands on contact.

Suzuki et al. also investigated the combustion of individual structural compo-
nents to see whether these results were similar to those from full-scale structural
burns, perhaps enabling some simplification in the tests necessary to characterize
firebrand production [122]. Both individual walls and re-entrant corner assemblies
were ignited and firebrands collected in water pans downstream. The results are
shown in Figure 6 and compared to other studies of full-scale structure burns
[119, 123, 124]. The size distribution is very similar to the range measured from
full-scale structure burns. Therefore, valuable information might be garnered from
these smaller experiments, though a methodology to do so has yet to be fully
established.

Foote and Manzello examined the size distribution of firebrands during the
Angora Fire, a severe WUI fire in California in 2007 [126, 130]. This is the first
known collection of firebrand distributions from an actual WUI fire. Fuel mostly
consisted of white fir and Jeffrey pine with a heavy understory surface fuel loading
[131]. Some fuel breaks were present in nearby collection locations. In the fire, a



Review of Pathways for Building Fire Spread in the WUI

trampoline, which is a piece of gymnastic equipment that is made of a strong can-
vas and attached to a frame by springs, was exposed to wind-driven firebrands. It
experienced melted “burn holes” from firebrands and served as a representative
source for observation of firebrand size and density over an area throughout the
passage of the fire (see Figure 7). The trampoline had an area of 1.5 m% 1800
burn holes in the trampoline were analyzed by digital photographs. The largest
hole in the trampoline had a 10.3 cm® burned area, while 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 furni-
ture at 212 individual locations on or near numerous buildings exposed to the
Angora Fire. The largest firebrand indicator was 2.02 cm?, although a large
majority were less than 0.40 cm®. This study demonstrates how relatively simple
methods can be used to extract valuable information from real WUI fires.

A similar approach of studying firebrand production by analysis of trampoline
burn patterns was completed by Rissel and Ridenour following the Bastrop Com-
plex Fire in Texas [125]. The fuel consisted of Loblolly pine overstory and yaupon
holly understory. The fire burned more than 13,000 hectares and destroyed 1696
structures over approximately 48 h. These structures were located within the
WUI; areas with burned structures included several subdivisions, unmanaged pri-
vate lands, and 96% of Bastrop State Park. Firebrands were collected from seven
locations under a variety of conditions: vegetation and structures up to 30 m from
the trampolines, low to high fire intensity, both open and dense canopy cover, and
exposure from both heading and flanking fires. Burns under 0.002 cm? in the
trampolines were indistinguishable and not measured during analysis. 90% of
measured holes were less than 0.5 cm? in size. Firebrand holes (shown in Figure 7)
show a similar size distribution to those measured during the Angora fire.

The NIST Dragon has been instrumental in testing many building components,
as it is able to continuously produce repeatable size and mass distributions of
wind-driven firebrand showers, consistent with previous studies reviewed above
[120, 121, 126]. The majority of firebrands produced in the apparatus are less than
0.5 cm?, similar to results from real WUI fires [120, 121, 126]. The NIST Dragon
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 sectional area of 4 m
by 5m and a test section length of 15 m [10]. Versions of this apparatus have
been produced at IBHS, Underwriters Laboratories (UL) in the United States,
and at the Association for the Development of Industrial Aerodynamic (ADAI) in
Portugal.

Recent work by Zhou et al. [127] used 12.7 mm cubic wooden particles to cre-
ate firebrands, and shot them out of the NIST Dragon to characterize the effect of
wind on mass and size distributions downstream from a stable point source gener-
ating a firebrand shower. They found that the probability distribution function,
f(x) closely followed a normal or Gaussian distribution,

1 _ew?
flx)= 0'_\/57;8 2 (2)
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Table 2
Firebrand Number and Mass Distributions Fitted to a Gaussian Curve
from Zhovu et al. [127]

Wind speed (m/s) Center of distribution, u (m/s) SD, o
Number distribution, f (x)
0 1.4 0.61
6 2.69 1.61
9 4.21 2.52
Mass distribution, f'(x)
0 1.35 0.61
6 2.20 1.36
9 3.49 2.30

where x is the horizontal distance downstream from the outlet of the firebrand
generator, u is the center of the distribution, and o is the standard deviation of
the distribution (i.e. ¢ is the variance). The distribution was found to fit the num-
ber and mass distributions of firebrands deposited downstream from no wind,
6 m/s, and 9 m/s cases, shown in Table 2 for both number and mass distributions.
As can be seen from the results, the distribution of firebrands shifts downstream
as the wind velocity increases. With increasing wind, additional drag forces will
transport particles farther downstream. These results may provide a framework
for future studies and help create inputs for computer models needing firebrand
generation information.

One recent firebrand collection study conducted in the New Jersey Pine Barrens
(USA) aimed to produce a protocol for characterizing firebrand generation in
terms of particle mass, size, and origin in the field [132]. These properties were
then related to fire intensity. Fuels were classified before the fire into traditional
1-h, 10-h, and 100-h fuels; however, 1-h fuels were further separated into <2 mm,
2.01 mm to 4 mm, and 4.01 mm to 6.35 mm diameter fuels, as it was later found
that not all 1-h fuels combusted. Pine bark and several small shrubs were carefully
sampled during tests to see which sizes detached and became firebrands. Fire-
brands were collected downstream in metal trays filled with water. Some trays
were covered with a thin plastic film, while others were left with exposed water.
The plastic covering allowed flaming and smoldering brands to pass through,
much like the trampoline studies by Foote et al. [126] and Rissel and Ridenour
[125]. Smaller brands were observed to “bounce” off the thin plastic film when
observed with an IR camera.

After collecting and cataloging data, it was found that branches smaller than
2 mm were consumed, but branches between 2.01 mm and 4 mm were only par-
tially consumed, and branches between 4.01 mm and 6.35 mm were not consumed
at all. These results contradict the assumption that all 1-h fuels burn completely.
This differentiation may result because the original 1-h class of fuels covered up to
2-h fuels [81]. Pine bark was observed to detach from trees up to one minute after
the fire front had passed, indicating that the fire-induced draft is important for
bark-originated firebrand production and transport. 70% to 89% of brands col-
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lected were bark slices, while the rest were brands from cylindrical branches.
About 30% of the brands had a mass between 0.010 g and 0.020 g, and very few
had a mass greater than 0.10 g. It was interesting to note that collection without
the thin plastic film was comparatively weighted toward lower masses (0.005 g to
0.020 g), likely because the plastic film may have expelled low mass brands, whe-
ther burning or not.

In Richburg, South Carolina, the IBHS Research Center uses a larger-scale,
modified version of the NIST Dragon apparatus. Mulch burning equipment cre-
ates firebrands similar to the NIST Dragon, but the facility has the capability of
conducting tests at wind speeds greater than 10 m/s [133]. The combination of the
large scale, higher winds, and the ability to rotate a building during testing makes
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 and NIST Dragon has been
used in several tests which will be presented for specific building components in
Part II of this review [2].

Very few studies have approached the physical generation of firebrands within a
fire. Two recent studies have proposed some potential mechanisms. A study by
Tohidi et al. investigated whether firebrand generation experiments in the labora-
tory (particularly those by Manzello et al. on coniferous trees [120, 121]) would
represent full-scale WUTI fires [128]. In their scaling analysis, Tohidi et al. propose
that firebrands may detach and transport beyond the fire front by two means:
their own weight or drag. Vertical drag can be generated by the fire plume and
horizontal drag can be generated by wind. These mechanisms were characterized
in a firebrand breakoff model defining the critical shear stress for breakage as:

2 2
8p ';f(lejzi/l2 8pairCDU?’12
Omax = \/( “ h + . . - 4pwoodgLn ) (3)

T

where U, and U, are the vertical and horizontal components of the air velocity,
respectively, p,;. the density of the air, Cp the induced drag coefficient on the par-
ticle, n = L/D the aspect ratio of the cylindrical brand, and ¢ the acceleration due
to gravity [128]. This formula presents a simplistic, intuitive framework to which
additional analyses can be added.

In a study by Koo et al. [40], larger trees are noted to produce larger fire-
brands; however, this result has not been corroborated by further investigation by
Tohidi et al. [128] of past coniferous tree firebrand experiments [120, 121]. Tohidi
et al. characterized the size of each firebrand in terms of two length scales: the
cube root of the volume and the square root of the surface area, neither of which
correlated with tree height. The lack of correlation with tree height suggested that
the size distribution of firebrands may be more dependent on the mechanisms of
breakoff and that tree height may only provide an increased, buoyant vertical
velocity.

Barr and Ezekoye have also investigated breakage and lofting of firebrands and
have developed dimensionless parameters to describe the breakage and lofting of
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brands via a thermal plume [134]. They described the structure of wildland fuels
using a fractal model coupled with simple combustion models to produce brand
breakage and lofting inputs to future numerical models. They also charred wood
and performed three-point bending tests which showed a somewhat linear correla-
tion between flexural strength and density; however, the temperatures used to heat
the wood indicate that only charring occurred, whereas smoldering would occur in
real fire exposures. Both Barr and Ezekoye [134] and Tohidi et al. [128] couple
their models with Monte Carlo simulations that could someday populate inputs to
brand transport models.

3.3.2. Firebrand Transport A large body of work is available in the literature on
firebrand transport. It is well known that brands can be transported over a large
distance and ignite new spot fires or structures in WUI communities. In order to
model the transport of firebrands, many features must be taken into account,
including the size and aerodynamic qualities of the brand, winds in both the ther-
mal plume and wind field, and the burning characteristics of the brand which may
change its acrodynamic qualities over time.

Several reports of firebrand ignition of homes and communities have been doc-
umented over the past several decades. A 1960 Japanese study found spot fires
ignited in cities 700 m from the main fire front, indicating that a firebrand was
transported to ignite the new spot fire [80]. In modeling the Great Hakodate Fire
of 1934, rapid spread rates were attributed to the transport of firebrands, which
were later roughly correlated to wind speed [80]. More recently, a NIST report on
a community outside San Diego, California affected by the 2007 Witch Creek and
Guejito Fires found that firebrands arrived one hour before the flame front, trav-
eling up to 9 km [20]. These firebrands subsequently ignited properties over the
following nine hours. The range in which brands may transport to ignite spot fires
varies widely depending on the type of fuel. High intensity Australian eucalyptus
fires, whose bark sheds and is extremely aerodynamic, have ignited spot fires 19
km to 24 km away on average and up to 30 km in extreme cases [135, 136]. Cali-
fornia chaparral has been documented to ignite fires up to 6.5 km away, and
mixed conifers can produce brands which ignite new fires up to 21 km away [80,
137].

While firebrands were recognized as a possible source of spreading fires for
some time, Clements was among the first to study the aerodynamics of particles as
they related to potential brand transport [115]. He studied terminal velocities for
components of different vegetation species, as there seemed to be an obvious cor-
relation between the geometry of particles and their lofting characteristics. Mur-
aszew then took the next step of investigating combustion of brands by looking at
the time it would take for vegetation, wood cylinders, and cedar shingles to burn
[138]. He found that the flaming time, ¢4, could be correlated with the volume-to-
surface-area ratio (J//S) in mm,

tn = 25(V/S)**. (4)
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Muraszew later worked toward developing a more complete model of firebrand
transport [139-141], but this model has not been presented.

Tarifa et al. were among the first to fundamentally study burning brands of
woody fuels, examining their burning properties, flight paths, and lifetimes
through an vertical wind-tunnel apparatus [8]. They studied cylindrical and spheri-
cal samples of pine, oak, aspen, spruce, and balsa wood, with initial spherical
diameters ranging from 10 mm to 50 mm and initial cylindrical dimensions rang-
ing from 6 mm to 15 mm and 18 mm to 36 mm in diameter and length, respec-
tively. Wind was varied from 0 m/s 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 [8].

A variety of models for firebrand transport were later developed based on Albi-
ni’s 1979 model for the maximum distance a spot fire could ignite from a single
burning tree [142], multiple burning trees, [143], crown fires [144], or wind-driven
surface fires [145]. Variables included were: the quantity and surface-area-to-vol-
ume 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; nonetheless, later work [143, 146, 147] has incorporated Albini’s model
into multiple numerical simulations, including firebrands from a crown fire in
FARSITE [88] and adaptions in HIGRAD/FIRETEC [111]. Individual calcula-
tions using simplified versions of Albini’s can be run on BehavePlus [86, 146, 147].

Pagni and Woycheese [118] significantly expanded on Tarifa’s work [8] to
develop several models of brand propagation, lofting, and burning. Information
was found through a series of tests and by utilizing brand momentum conserva-
tion with spherical wooden brands lofted above a symmetric pool fire in a con-
stant horizontal wind. Variations to these conditions were not considered. They
found that the dimensionless regression rate of brands depended inversely on both
the dimensionless burning parameter and the dimensionless diameter. It was also
found that the diameter decreased faster in larger brands than in smaller diameter
brands. Finally, drag and gravity dominated the acceleration during lofting for
sufficiently large brands [9].

Pagni reviewed eight combustion models for burning brands, including an aver-
aged stagnation-point burning model using the wood’s chemical properties [129].
The Baum and McCaffrey model [148] was used for the plume and a constant
horizontal velocity driving downwind propagation was approximated. Pagni and
Woycheese subsequently 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. Their combustion model identified two stages of
combustion of brands: flaming combustion and glowing combustion. 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 signifi-
cant, persistent surface combustion on the upwind face of the brand. Wood with a
lower density, such as cedar and balsa wood, more readily transitioned from flam-
ing to surface glowing combustion, with flaming combustion ending relatively
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early in the brand’s lifetime. They also noted the effect of the wood grain orienta-
tion: an end grain faced the end velocity vector [118].

When Pagni and Woycheese applied their combustion model to determine prop-
agation distance for differently shaped brands, they determined that the maximum
propagation distance occurred for disk-shaped brands. 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 [9]. Using their model, they found that brands released from
greater heights will typically be smaller in size and completely combust in air,
whereas brands released from lower eclevations will typically be larger, but will
result in shorter propagation distances [117].

Other models, such as those by Wang, have integrated previous models and
observations for brand production, lofting, and ignition into a statistical form that
can be used when modeling [149]. Baum and Atreya recently developed a new
model for firebrand combustion used to determine the duration of burning and
the ultimate transport distance during lofting. They considered several different
shapes and determined an analytical solution for quasi-steady burning [150]. Ellis
studied the characteristics of a ‘stringybark’ type eucalypt, messmate, which can
cause spot fires approximately 3 km from a fireline and is considered responsible
for driving fire spread in the Black Saturday fires in Australia. He found that
these bark firebrands may reflame during flight, or when removed from an air-
flow, potentially increasing the likelihood of ignition on landing [151].

Numerical studies on the distribution of cylindrical firebrands from burning line
fires [152] and disc-shaped brands from burning trees [153] have also been per-
formed. These models focus on the combustion model of firebrands, including
both pyrolysis and char oxidation, tracking the brands after they have been
released at different locations from a potential fire. A dual distribution of embers
was found in both cases, with larger embers falling in a state of flaming combus-
tion near the fire front, followed by a distribution of smaller embers landing fur-
ther away in a glowing state of combustion. For firebrands generated by line fires,
the normalized mass of firebrands landing in a flaming state correlated with the
flight time, normalized by p,,7s0 in a flaming state, and prDj{fr;Ol/G in a charring
state, where p, is the initial density of the brand, 7,y the initial thickness, and
Dy the initial diameter. The parameter p, 79, along with the char content of the
brands, worked well to distinguish which brands would land in one region versus
another [153]. The parameter p_}”or, where p}”o is the initial firebrand density and

the brand thickness, determined whether disc-shaped brands emanating from
burning trees fell in a flaming or glowing state. For brands that remained longer
in the thermal plume, the distance covered upon landing was independent of par-

~02
ticle diameter and correlated with 7%'U%? (p}v-oﬂ,') , where 1 is fire intensity. The

wind
distance a firebrand travels from a burning tree therefore varies almost linearly
with increasing wind speed, but varies weakly with increasing fire intensity, being
independent of fire diameter or position within the canopy upon release (Table 3)
[152].
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Figure 8. Heat and mass transfer processes that cool both the fire-
brand and target fuel as well as heating processes that provide re-ra-
diation and/or in depth conduction leading toward ignition.

3.3.3. Firebrand Ignition of Fuel One of the most complex and stochastic pro-
cesses to understand in WUI fire spread is the ignition of recipient or “‘target”
fuels by firebrands. Despite many years of study on the topic [166], it is not yet
possible to formulate the ignition potential of fuels a priori based on both fire-
brand and target fuel properties. Nonetheless, a framework for studying this phe-
nomena has appeared in the literature and takes into account the known
sensitivity of ignition time to firebrand size/mass and target fuel properties, such
as density and moisture content.

Many variables contribute to the process of target fuel ignition after a firebrand
lands, including the physical dimensions of the firebrand, properties of the mate-
rial, and ambient weather conditions [80, 129]. Depending on these variables, an
ignited recipient fuel may start glowing combustion and then die out, just smol-
der, or transition from smoldering to flaming and grow into a larger fire. Under-
standing the effects of each of the above variables on the ignition process is
important in order to develop a physical model for firebrand ignition; however,
we do not yet have a predictive framework capable of repeatedly describing this
ignition process, even statistically. The known processes which have been sug-
gested to contribute to ignition will be described below, following a review of sys-
tematic experiments.

Early experiments were performed by Dowling in Australia to determine the
cause of ignition of wooden bridge members due to firebrand impact [167].
Burned wooden cribs were used to generate 7 g to 35 g of multiple firebrands and
test their ability to ignite large pieces of lumber with a 10 mm gap. He found that
7 g of firebrands were sufficient to produce smoldering ignition of the wood
within the 10 mm gap. It was not mentioned whether the brands were smoldering
or flaming upon deposition.

Manzello et al. studied ignition of shredded mulch beds by up to four glowing
cylindrical or disc-shaped firebrands [16, 168, 169]. Disc-shaped firebrands could
ignite the mulch beds with only half the mass needed for cylindrical brands to
ignite identical mulch beds. This result suggests that contact between the brands
and mulch beds (conductive heat transfer) is a critical process. Manzello et al. also
highlighted the increased ease of ignition with increasing numbers of firebrands,
further motivating the need to study accumulation of brands, rather than just
individual particles.
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Manzello et al. 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 ply-
wood, 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 [170]. It was found
that single firebrands were unable to ignite the materials used, even after applying
various airflows. 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 ignitions were found below 1.3 m/s for any conditions,
signaling that the combined effect of angle and sufficient incident wind are neces-
sary for ignition.

Ellis considered ignition of fuel beds, namely pine needles, due to eucalyptus
firebrand impact [116]. Single firebrands that were 5 mm, 15 mm, and 50 mm in
diameter (0.7 g to 1.8 g) were deposited in both flaming and smoldering states
onto pine needles of varying moisture contents. Flaming brands ignited all pine
needles when the moisture content was less than 9%, while glowing brands only
ignited the fuel bed when the ambient airflow was increased. More recently, Ellis
studied ignition of eucalypt litter fuel beds by flaming and glowing firebrands. He
found that ignition probability increased with wind and decreased with fuel MC,
but that there was little difference between 1 m/s and 2 m/s winds. He also found
that glowing firebrands were sensitive to environmental changes, and further stud-
ies need to be conducted to determine how fuel bed characteristics interact with
glowing firebrands to change ignition probability [171].

Santamaria et al. looked at the impact of firebrand accumulation on ignition of
structural wood in an inclined, V-shaped configuration [172]. Ember loading ran-
ged from 0.2 g/m? to 98 g/m> with embers having a surface area smaller than
100 mm®. They performed testing using an electric heater in order to separate the
thermal impact on the wood from the smoldering caused by embers. It was found
that similar heating rates were reached between the electric heater and embers, but
neither ignited the wood samples. Some observation of flaming ignition resulted
when a hole broke on the bottom of the apparatus, signaling additional buoyant
airflow, known to influence the transition to flaming process.

In a joint effort to study types of firebrands in the Mediterranean, Ganteaume
et al. ignited eight types of fuel, including leaves, twigs, bark, and pine cones.
They measured the time that it took the material to ignite, flaming duration, and
mass loss. They found that evergreen oak leaves had the shortest ignition time,
while pine bark had the longest ignition time. Pine cones had the longest flaming
duration. They found that brands lost between 70% and 90% of their initial mass
throughout the heating combustion tests [173].

Because most firebrands cease flaming combustion before landing on recipient
fuels [8, 16, 168], they often land in a state of smoldering combustion. Therefore,
modeling ignition must incorporate a hot object landing with some initial thermal
inertia onto a bed of flammable material. Figure 8§ depicts some major heat trans-
fer features of this process. In order to ignite a target fuel (e.g. a wooden deck) or
a fuel bed (e.g. forest litter), a brand or collection of brands must together be
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Figure 9. Surface temperature profiles of a glowing firebrand using
an IR camera.

large enough to transfer the heat necessary to initiate smoldering combustion.
This heat must be transferred before the brand(s) deplete their supply of flam-
mable material through oxidative reactions, while smoldering, and additional
pyrolysis during transition to flaming (mass-loss rate represented by m” in Fig-
ure 8) [174]. As firebrands are often smoldering upon landing, they continue to
generate heat through chemical reactions while resting on the recipient fuel sur-
face, so potential heating comes from (1) the temperature and heat capacity of the
brand upon landing, (2) potential heat due to additional exothermic reactions in
the brand, and, (3) in the case of smoldering transition to flaming, potential heat
due to exothermic reactions in ignited target fuels.

The calculation of heating needs to include the rate of heating and the rate of
heat loss. Glowing firebrands will release heat via both convection, ¢/, . and radi-
ation, ¢” ,. The effect of convection gives rise to some interesting phenomena.
While rates of smoldering and heat release will increase with increasing external
winds (to some limit), the winds will also increase the rate of convective heat los-
ses. Heating to the fuel bed will inevitably depend on the contact between the fire-
brand(s) and the fuel bed, gj 4, With the result that looser beds of vegetative
fuels will have poor contact, despite otherwise exhibiting more favorable combus-
tion characteristics once ignited. Less dense fuels, as well as dense fuels with sig-
nificant spacing, such as decking, will have reduced potential for conductive
heating due to lower density and poor contact; however, less attenuation will
allow for more radiative heating within the fuel bed. Additional supplies of oxy-
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gen due to spacing will also aid the heating process, increasing the possibility of
transition from smoldering to flaming.

In determining the processes contributing to heating and ignition of recipient
fuels, knowledge of temperatures on the surface of deposited firebrands can pro-
vide some insight. Recent experiments at the University of North Carolina at
Charlotte used a high definition IR camera and a macro lens to examine the sur-
face temperature profiles of glowing firebrands. The firebrands were generated
from a mini firebrand generator using 12.5 mm diameter, 57 mm long white birch
(Betula papyrifera) dowels. Figure 9 shows the surface temperatures of one end of
a glowing firebrand. As the spectral emissivity of the charring solid is unknown,
an emissivity of 1.0 was used, following previous work by Urbas et al. [175],
where IR temperature measurements were validated with a thermocouple. Tem-
peratures in the high temperature region were 800°C to 850°C, in agreement with
surface measurements in a cone calorimeter by Urbas et al. [175], but somewhat
higher than firebrands subjected to a 1.3 m/s and 2.4 m/s wind by Manzello et al.
[170]. If the emissivity is chosen to be 0.7, which is closer to that used by Man-
zello et al. [170], surface temperatures are 900°C to 946°C, which is higher than
Urbas et al. [175] found. More work needs to be done on the mechanisms of heat-
ing and cooling on firebrands, including the effect of wind, which has a competing
effect of increased surface cooling and surface oxidation.

It has been suggested that the summation of energy stored in a brand (including
stored heat and chemical energy) is a possible means of correlating and/or model-
ing the phenomena of ignition [176]. Recent work with heated particles [177],
though, has found a poor correlation between particle thermal energy and time to
ignition. A possible approach to modeling the problem is that of an inert or reac-
tive “hot spot” ignition theory, such as that proposed by Gol’dshleger et al. [178,
179]. This theory neglects the energy of the fuel particle, but includes 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. Work by Hadden
et al. [177] used this theory to determine a critical hot spot radius (i.e. minimum
particle radius for ignition, r.,),

2
o = Sop |—E 0 o (E (5)
pAAH E RT,)’

where J,, is the Frank-Kamanetskii hot spot parameter, k£ the thermal conductiv-
ity, p the density, 4 the area, AH the heat of combustion, R the gas constant, T},
the initial particle temperature, and E the activation energy. J.. must be solved
numerically, but Gol’dshleger et al. [178] provide a simplified expression,

Ser = 0.4\/b2 +0.25n(n + 1)(b + 0.163)(2.25(n — 1) — 6p)*(1 — 0.50,),  (6)

where b = pc/p,cp, f=RTn/E, Oy = (E/RTPZO)(T — Ty0), and n is a coordinate sys-
tem factor (n = 0 for Cartesian, 1 for cylindrical, and 2 for spherical coordi-
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nates). The subscript p denotes particle parameters, while other parameters are
properties of the fuel bed.

Qualitative agreement between this approach and ignition of a cellulose-powder
fuel bed by hot particles has been achieved [177], illustrating the connection
between spherical particle diameters and ignition, not thermal energy. The ignition
process in experiments, when observed with schlieren, actually shows two types of
ignition both in the gas phase: a piloted-type process occurring for the larger and
hotter particles and a spontaneous type of ignition for smaller particles. These
results are somewhat different than the assumptions made in the theory. For
glowing brands on solid fuels, rather than in cellulose beds, the effect of heat los-
ses may be even more significant, due to the lack of immersion between brands
and recipient fuel. A recent review of firebrand ignition studies by Fernandez-
Pello et al. [15] highlighted the fact that ignition by large, hot metal particles may
in fact be dominated by cooling from the particle, since the size of the particle
correlates so well with the ignition time. The correlation with only particle size
does not well model an actual firebrand and adds complications in achieving an
adequate theory. While many studies have focused on individual or multiple dis-
crete brands landing on a fuel bed [16, 168], fundamental studies with piles of
small brands landing in crevices or stagnation zones have not been found. This is
an important configuration as it is often found over wooden or composite decks
[180].

The theory has multiple limitations because it does not take into account ongo-
ing reactions in firebrands, the moisture content of fuels, lack of good conductive
contact between fuels and firebrands, radiative feedback, or external radiation.
Additionally, the theory is still quantitatively different from experimental observa-
tions. Continued improvement of theories is ongoing, and includes ideas such as
adding different thermal properties of materials into Gol’dshleger’s original theory
[166] or using the self-heating theory [80]. Work may apply beyond firebrands, as
other hot particles such as sparks from power lines or rifle bullets have also been
shown to ignite wildfires [15, 181].

Yin et al. made some initial steps in formulating a thermal-based theory by
proposing a correlation between the ignition time of a loose vegetative fuel bed
and bed properties, using a heat balance analysis,

q (pfk)/cp
(pZAHC)/tb — hT(Tf — T()) ’ (7)

tig ~

where t;, is the ignition time after brand deposition, ¢ is the heat required for igni-
tion of moist fuel on a dry-mass basis, p, the initial density of the firebrand, k, p,
and ¢, the thermal conductivity, density and specific heat of dry pine needles in
the bed, respectively, Z the height of the brand, AH, the heat of combustion of
the brand in a glowing phase of combustion, A7 the heat loss coefficient, 7 the
firebrand temperature, and 7, the initial temperature of the target fuel bed [17].
As can be seen from the correlation, /7, is correlated linearly with both the heat
required for ignition of the fuel bed, ¢, and, the moisture content of the fuel,
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Figure 10. Capturing exposure from wildland fuels from Mar-
anghides and Mell [12].

assuming the fuel is dead and evaporation is solely due to increase in temperature.
The correlation between ,/7;; and moisture content appears to stay linear for the
Chinese pine fuels tested by the authors, as well as lodgepole pine tested by Jolly
et al.; however; the correlation constants for the fuels differ, and they were not
compared quantitatively with the correlation [182, 183].

Viegas et al. has also studied firebrand ignition of fuel beds of varying vegeta-
tive materials under different moisture contents with no wind [184]. The results of
this study showed that fuel bed properties were more influential in the ignition
process than brand characteristics. The likelihood of ignition increased with the
addition of airflow over the fuel bed, confirming results from previous studies.
Wang et al. performed recent experiments with hot metal particles igniting expan-
ded polystyrene foam and found that foam density and thickness had little effect
on ignition. Their theoretical analysis proposed that the hot particles acted as
both heating and pilot sources, with ignition controlled by a competition between
the gas mixing time and particle residence time (Table 4) [185].

4. Discussion

While it is useful to identify vulnerabilities and best practices, protection of WUI
communities cannot evolve without more quantitative analyses to optimize protec-
tion schemes. Part I of this review has covered most of the existing science related
to exposure conditions from WUI fires. In the era of performance-based design,
many design choices in the built environment are based upon knowledge of fire
behavior and its effects on risk. Such an understanding of wildland fire behavior,
coupled with its impact on WUI communities, does not yet exist. Two main areas
are necessary to inform risk and hazard quantification: data collection from real
fires and expanded fundamental understanding. A statistical representation of data
from previous fires, when carefully collected and analyzed, has the ability to
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inform our understanding of how fires will affect real structures and quantify
these effects in a risk model when enough data is gathered. Increased measure-
ments of firebrand “fluxes” would help quantify this missing piece of a possible
exposure scale [127]. These risk models can then be used to perform cost-benefit
analyses for fire mitigation that optimize resources available and estimate poten-
tial impacts of decisions made [3]. The amount of data needed for such an
approach is most likely a limiting factor [12]. Fundamental research, on the other
hand, has more potential to provide simplified tools for the design of WUI com-
munities. Increased fundamental understanding has the power to limit the level of
large-scale experiments and collection efforts needed by providing a means to scale
and better understand collected information, which can eventually be used to
inform the quantification of risk and hazard.

4.1. Exposure Framework

Several frameworks are available to perform risk and hazard analysis in order to
optimize protective strategies or fire management; however, most would be greatly
improved with additional information on the response of structures in the WUI to
fire [3, 12]. This type of data does not exist; so, for the most part, risk modeling
today only incorporates features of surrounding wildland fire behavior (fuel,
slope, weather, etc.) and the density of structures [12, 188—190].

Maranghides and Mell laid out what they thought were the missing compo-
nents, by defining a WUI hazard scale broken up into fire and ember exposure,
shown in Figure 10 [12]. While such a defined structure is not necessarily absolute,
their description of how most every “box” of possible fire exposure conditions has
yet to be studied highlights the lack of data currently available. The necessary step
of connecting these exposures to the response of specific structural components
will require additional effort. Since all structural components are hazards, it is
necessary to include exposure from nearby structures and surrounding fuels, not
just those directly intimate with the main structure.

4.2. Firebrands

Although many experiments have been performed on generation, transport, and
ignition from firebrands, there does not yet exist a framework which can be adap-
ted to relatively realistic simulations of real fires. Many studies by Manzello et al.
have been instrumental in setting up a framework for identifying vulnerabilities on
specific structural components and measurement of the distribution of firebrands
from real fires [10]. This work has been a great contribution, illustrating increased
involvement from the fire science community. Nonetheless, much work is left to
be done. There are many potential fuel types, from large pine stands to Mediter-
ranean chaparral, which may invariably generate different ember fluxes that
should be studied and compared. Higher wind speeds have yet to be approached
in order to create a more realistic WUI fire situation. Most experiments have been
conducted with wind speeds up to 10 m/s, while wind speeds in excess of 20 m/s
are often observed during WUI fires [10]. Along with these higher wind speeds,
real WUI fires have up to several hours of continuous firebrand generation.
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Therefore, experiments need to incorporate longer firebrand exposure to simulate
actual WUI fires. A framework to couple the observed results does not yet exist.

To further understand ignition from firebrands, testing should consider different
elevations and higher velocities of firebrand generation. Testing that includes the
combined influence of firebrands and radiative heat flux is another area that
should be further investigated as both may be present during WUI fires and some
observations on roofing indicate radiation will greatly accelerate transition to
flaming [80]. It is also important to couple these results to multiple building com-
ponents to observe their interaction. Single component testing alone would not
have been able to reveal firebrand collection spots, such as re-entrant corners
[133], which appear to play a critical role in structure ignition. Important compo-
nents that need test standards will be discussed in Part II of this review [2].

In terms of firebrand generation, some research has been conducted to measure
firebrand production from both vegetation and structures, presented as mass or
size distributions collected downstream [122, 123, 126]. Research should continue
on collection of firebrands from real and simulated fires, including different vege-
tation, structures, winds, etc. Very limited research appears in the literature on the
actual process of firebrand generation and how it relates to the materials which
generate firebrands. If more understanding can be garnered from specific fuel
types, perhaps these distributions can be better understood a priori.

Lofting and transport of firebrands has been the most-studied aspect of the
problem. While there is still work to do, several models exist which are adept at
incorporating firebrands and investigating their transport through a fire plume [40,
111, 152, 153] or statistically investigating their transport numerically [188].

The least-understood process is ignition by firebrands. Ignition of a recipient
fuel by a firebrand may depend on many characteristics: firebrand properties (i.e.
size), ambient winds, fuel moisture content, geometry, whether the brand is flam-
ing or smoldering on landing, and how many brands land in a particular recipient
fuel [5]. Little is known about how these characteristics interact and the actual
effect they have on how and when ignition occurs. The relative influence of solid-
phase chemistry, re-radiation, brand size, configuration, etc. must be determined
before better models for ignition can be developed. Some of these studies should
focus on denser materials, such as wood or plastic often found on structures in
the WUI. Most studies which have taken a closer look at ignition phenomena by
firebrands have been somewhat restricted to loose, vegetative fuels [16, 184], which
may behave differently than the higher density, varying geometries found on or
near structures.

4.3. Wildland Fire Fundamentals

While fire dynamics is a fairly developed field used to analyze the built environ-
ment [53, 54], such knowledge is limited or non-existent applied specifically to
WUI fires. Tools are available to predict the spread of wildland fires, their intensi-
ties, and expected radiative fluxes [86, 88], but these tools are based on assump-
tions of steady flame spread that have limited or no physical basis [99]. This
assumption leaves gaps, as no tool can assess whether a fire will accelerate, decel-
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erate or stop, critical elements when looking at the effectiveness of fire breaks in
protecting a community. There is also no way to incorporate the influence of
structures or fire suppression using current tools. New tools under development,
such as WFDS (WUI Fire Dynamics Simulator), hope to bridge some of these
gaps, but still require significant advancement in fundamental understanding of
fire behavior to be accurate enough to further enhance knowledge on the problem.
Increased research on wildland fire behavior and its coupled effect on structures in
the WUI, such as recent numerical efforts [191], could enhance our understanding
of structure-wildland and structure-structure interactions. Development of soft-
ware with a firm technical and scientific basis could be a valuable tool in a WUI
community designer’s toolbox.

Other research needs include those surrounding firebrands, as discussed above.
The mechanisms governing transition from smoldering to flaming combustion are
not well-understood. This transition is of particular importance in determining whe-
ther ignition of a fuel will occur. Ignition due to flames and firebrands needs to be
more completely characterized. Additionally, research on fire behavior and smoke
transport is necessary, with the latter affecting health and environmental concerns.

Great strides have recently been made to understand several of the fundamental
exposure conditions contributing to structure ignition and fire spread through
WUI communities. While there are still many gaps, a framework is developing on
the basis of these studies to guide future research from the laboratory to field
scales. More attention should be paid to connecting work between scales and
mathematically fitting results so that they can eventually be placed in risk assess-
ment frameworks. This increased attention to fundamental details will surely pay
large dividends; therefore, this type of investigation should not be neglected in the
process. It is through the connection of laboratory and theoretical studies, large
scale collection efforts, and application of these techniques and measurements of
their success to real fires, that we will ultimately make a dent in reducing the WUI
fire problem.

Acknowledgments

The authors would like to acknowledge the National Fire Protection Association,
Fire Protection Research Foundation, the National Institute of Standards and
Technology and the Joint Fire Science Program under project JFSP 15-1-04-4 for
financial support of this project. They would also like to thank Casey Grant for
his efforts coordinating this project, Kyle Kohler for his assistance compiling data,
and comments from many experts in the field, especially Randall Bradley, Nelson
Bryner, Jack Cohen, Ryan Depew, Steve Gage, Samuel Manzello, Alexander Mar-
anghides, Don Oaks, Stephen Quarles, Michele Steinberg, Kevin Tolhurst and
Rick Swan.



Fire Technology 2016

1.

2.

10.

11.

14.

15.

16.

17.

18.

Cohen JD (2000) Preventing disaster: home ignitability in the wildland-urban interface.
J For 98:15-21. http://www.fs.fed.us/rm/pubs_other/rmrs_2000_cohen_j002.pdf
Gorham DJ, Caton S, Hakes R, Gollner MJ (2016) A review of pathways to building
fire spread in the wildland urban interface Part II: response of components and sys-
tems and mitigation strategies in the United States. Fire Technol. Under Review

. Calkin DE, Cohen JD, Finney MA, Thompson MP (2014) How risk management can

prevent future wildfire disasters in the wildland-urban interface. Proc Natl Acad Sci
USA 111:746-751. doi:10.1073/pnas.1315088111

. Pellegrino JL, Bryner NP, Johnsson EL (2013) Wildland-urban interface fire research

needs: workshop summary report . doi:10.6028/NIST.SP.1150

. Mell WE, Manzello SL, Maranghides A et al (2010) The wildland—urban interface fire

problem—current approaches and research needs. Int J Wildland Fire 19:238.
doi:10.1071/WF07131

. NFPA (2014) Firewise Communities. http://www.firewise.org/usa-recognition-

program/cwpps.aspx?sso =0. Accessed 3 Oct 2015

. Firewise (2015) Firewise at NFPA: A Brief History. http://www.firewise.org/about/

history.aspx?sso=0. Accessed 3 Oct 2015

. Tarifa CS, Del Notario PP, Moreno FG (1965) On the flight paths and lifetimes of

burning particles of wood. P Combust Inst 10:1021-1037. doi:10.1016/S0082-0784(65)
80244-2

. Woycheese J, Pagni P, Liepmann D (1999) Brand propagation from large-scale fires. J

Fire Prot Eng 10:32-44. doi:10.1177/104239159901000203

Manzello S (2014) Enabling the Investigation of Structure Vulnerabilities to Wind-dri-
ven firebrand showers in wildland-urban interface (WUI) fires. Fire Safety Sci 11:83—
96. doi:10.3801/TAFSS.FSS.11-83

Cohen J (2004) Relating flame radiation to home ignition using modeling and experi-
mental crown fires. Can J For Res 34:1616-1626. doi:10.1139/X04-049

. Maranghides A, Mell W (2013) Framework for addressing the national wildland

urban interface fire problem—determining fire and ember exposure zones using a WUI
hazard scale. doi:10.6028 /NIST.TN.1748

. Mell W, Maranghides A (2009) A case study of a community affected by the Witch

and Guejito Fires. http://iawfonline.org/NIST_Witch_Fire_ TN1635.pdf

Quarles S, Leschak P, Cowger R et al (2012) Lessons learned from Waldo Canyon:
fire adapted communities mitigation assessment team findings. Insurance Institute of
Business & Home Safety, Richburg

Fernandez-Pello AC, Lautenberger C, Rich D et al (2015) Spot fire ignition of natural
fuel beds by hot metal particles, embers, and sparks. Combust Sci Technol 187:269—
295. doi:10.1080/00102202.2014.973953

Manzello SL, Cleary TG, Shields JR, Yang JC (2006) On the ignition of fuel beds by
firebrands. Fire Mater 30:77-87. doi:10.1002/fam.901

Yin P, Liu N, Chen H et al (2012) New correlation between ignition time and mois-
ture content for pine needles attacked by firebrands. Fire Technol 50:79-91.
doi:10.1007/s10694-012-0272-y

Cohen J (2000) Examination of the home destruction in Los Alamos associated with
the Cerro Grande Fire. http://www.treesearch.fs.fed.us/pubs/4686

. Cohen J, Stratton R (2008) Home destruction examination grass valley fire. USDA

RS5-TP-026b. http://www.treesearch.fs.fed.us/pubs/31544


http://www.fs.fed.us/rm/pubs_other/rmrs_2000_cohen_j002.pdf
http://dx.doi.org/10.1073/pnas.1315088111
http://dx.doi.org/10.6028/NIST.SP.1150
http://dx.doi.org/10.1071/WF07131
http://www.firewise.org/usa-recognition-program/cwpps.aspx%3fsso%3d0
http://www.firewise.org/usa-recognition-program/cwpps.aspx%3fsso%3d0
http://www.firewise.org/about/history.aspx?sso=0
http://www.firewise.org/about/history.aspx?sso=0
http://dx.doi.org/10.1016/S0082-0784(65)80244-2
http://dx.doi.org/10.1016/S0082-0784(65)80244-2
http://dx.doi.org/10.1177/104239159901000203
http://dx.doi.org/10.3801/IAFSS.FSS.11-83
http://dx.doi.org/10.1139/X04-049
http://dx.doi.org/10.6028/NIST.TN.1748
http://iawfonline.org/NIST_Witch_Fire_TN1635.pdf
http://dx.doi.org/10.1080/00102202.2014.973953
http://dx.doi.org/10.1002/fam.901
http://dx.doi.org/10.1007/s10694-012-0272-y
http://www.treesearch.fs.fed.us/pubs/4686
http://www.treesearch.fs.fed.us/pubs/31544

Review of Pathways for Building Fire Spread in the WUI

20.

21.

22.

23.
24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Maranghides A, McNamara D, Mell W, et al. (2013) A case study of a community
affected by the Witch and Guejito fires: Report #2—evaluating the effects of hazard
mitigation actions on structure ignitions. doi::10.6028/NIST.TN.1796

Syphard AD, Keeley JE, Massada AB et al (2012) Housing arrangement and location
determine the likelihood of housing loss due to wildfire. PLoS One 7(3):e33954.
doi:10.1371/journal.pone.0033954

Cohen J (2008) The wildland-urban interface fire problem: a consequence of the fire
exclusion paradigm. Forest Hist Today Fall pp 20-26

Thompson C (2001) Notices. Fed Reg 66(3):751-777

Lampin-Maillet C, Jappiot M, Long M et al (2010) Mapping wildland-urban inter-
faces at large scales integrating housing density and vegetation aggregation for fire
prevention in the South of France. J Environ Manag 91(3):732-741. doi:10.1016/j.jenv-
man.2009.10.001

Radeloff VC, Hammer RB, Stewart SI et al (2005) The wildland-urban interface in the
United States. Ecol Appl 15:799-805. doi:10.1890/04-1413

Stewart S, Radeloff V, Hammer RB, Hawbaker TJ (2007) Defining the wildland—ur-
ban interface. J For. http://fpf.forestry.oregonstate.edu/system/files/Stewartetal_
definingWUIL.pdf

Brown H (2004) The air was fire: fire behavior at Peshtigo in 1871. Fire Manag Today
64(4):20-30

NFPA (2014) About Fire Prevention Week. http://www.nfpa.org/safety-information/
fire-prevention-week/about-fire-prevention-week. Accessed 1 Jan 2014

Pyne S (2008) Spark and Sprawl. For Hist Today Fall pp 4-10

Grishin AM, Filkov Al, Loboda EL et al (2014) A field experiment on grass fire
effects on wooden constructions and peat layer ignition. Int J Wildland Fire 23:445.
doi:10.1071/WF12069

McAneney J, Chen K, Pitman A (2009) 100-years of Australian bushfire property
losses: is the risk significant and is it increasing?. J Environ Manag 90:2819-2822.
doi:10.1016/j.jenvman.2009.03.013

Short KC (2014) A spatial database of wildfires in the United States, 1992-2011. Earth
Syst Sci Data 6:1-27. doi:10.5194/essd-6-1-2014

Arno S, Allison-Bunnell S (2002) Flames in our forest: disaster or renewal?. Island
Press, Washington, DC

Bailey D (2013) WUI Fact Sheet. http://www.iawfonline.org/pdf/WUI_Fact_Sheet_
08012013.pdf

USDA Forest Service (2013) Fiscal year 2014 Budget Overview. http://www.fs.fed.us/
aboutus/budget/2014/FY2014ForestServiceBudgetOverview041613.pdf

Theobald D, Romme W (2007) Expansion of the US wildland—urban interface. Landsc
Urban Plan 83:340-354. doi:10.1016/j.landurbplan.2007.06.002

Gude P, Rasker R, Noort J Van Den (2008) Potential for future development on fire-
prone lands. J For 198-205. http://headwaterseconomics.org/wphw/wp-content/uploads/
PGude 2008 Forestry.pdf

Gorte R (2013) The rising cost of wildfire protection. Headwaters Econ.
http://headwaterseconomics.org/wildfire/fire-costs-background

Blanchi R, Lucas C, Leonard J, Finkele K (2010) Meteorological conditions and wild-
fire-related houseloss in Australia. Int J Wildland Fire 19:914. doi:10.1071/WFO08175
Koo E, Pagni PJ, Weise DR, Woycheese JP (2010) Firebrands and spotting ignition in
large-scale fires. Int J Wildland Fire 19:818. doi:10.1071/WF07119

National Fire Protection Association (2012) NFPA 1141 Standard for fire protection
infrastructure for land development in wildland, rural, and suburban areas


http://dx.doi.org/10.6028/NIST.TN.1796
http://dx.doi.org/10.1371/journal.pone.0033954
http://dx.doi.org/10.1016/j.jenvman.2009.10.001
http://dx.doi.org/10.1016/j.jenvman.2009.10.001
http://dx.doi.org/10.1890/04-1413
http://fpf.forestry.oregonstate.edu/system/files/Stewartetal_definingWUI.pdf
http://fpf.forestry.oregonstate.edu/system/files/Stewartetal_definingWUI.pdf
http://www.nfpa.org/safety-information/fire-prevention-week/about-fire-prevention-week
http://www.nfpa.org/safety-information/fire-prevention-week/about-fire-prevention-week
http://dx.doi.org/10.1071/WF12069
http://dx.doi.org/10.1016/j.jenvman.2009.03.013
http://dx.doi.org/10.5194/essd-6-1-2014
http://www.iawfonline.org/pdf/WUI_Fact_Sheet_08012013.pdf
http://www.iawfonline.org/pdf/WUI_Fact_Sheet_08012013.pdf
http://www.fs.fed.us/aboutus/budget/2014/FY2014ForestServiceBudgetOverview041613.pdf
http://www.fs.fed.us/aboutus/budget/2014/FY2014ForestServiceBudgetOverview041613.pdf
http://dx.doi.org/10.1016/j.landurbplan.2007.06.002
http://headwaterseconomics.org/wphw/wp-content/uploads/PGude_2008_Forestry.pdf
http://headwaterseconomics.org/wphw/wp-content/uploads/PGude_2008_Forestry.pdf
http://headwaterseconomics.org/wildfire/fire-costs-background
http://dx.doi.org/10.1071/WF08175
http://dx.doi.org/10.1071/WF07119

42.

43,
44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.
54.
55.
56.
57.
58.

59.

60.

61.

62.

Fire Technology 2016

National Fire Protection Association (2013) NFPA 1144 Standard for reducing struc-
ture ignition hazards from wildland fire

International Code Council (2012) International Wildland-Urban Interface Code

Fahy RF, Leblanc PR, Molis JL (2014) Firefighter fatalities in the United State-201.
Quincy, MA

Butler BW (2014) Wildland firefighter safety zones: a review of past science and sum-
mary of future needs. Int J Wildland Fire 23:295-308. doi:10.1071/WF13021

Teague B, McLeod R, Pascoe S (2010) 2009 Victorian Bushfires Royal Commission
Final Report. http://www.royalcommission.vic.gov.au/finaldocuments/summary/PF/
VBRC_Summary_PF.pdf

Lampin-Maillet C, Mantzavelas A, Galiana L et al (2010) Wildland urban interfaces,
fire behaviour and vulnerability: characterization, mapping and assessment. In: Silva
JS, Rego F, Fernandes P, Rigolot E (eds) Towards Integrated fire management—Out-
comes Europe Project Fire Parad European Forest Institute, Joensuu, pp 71-92
Reszka P, Fuentes A (2015) The great valparaiso fire and fire safety management in
Chile. Fire Technol 51:753-758. doi:10.1007/s10694-014-0427-0

Krawchuk MA, Moritz MA, Parisien M-A et al (2009) Global pyrogeography: the
current and future distribution of wildfire. PLoS One 4:¢5102. doi:10.1371/journal.-
pone.0005102

Pechony O, Shindell DT (2010) Driving forces of global wildfires over the past millen-
nium and the forthcoming century. Proc Natl Acad Sci USA 107:19167-19170.
do0i:10.1073/pnas.1003669107

Dennison PE, Brewer SC, Arnold JD, Moritz MA (2014) Large wildfire trends in the
western United States, 1984-2011. Geophys Res Lett 41:2928-2933. doi:10.1002/
2014GL059576

Wiedinmyer C, Hurteau MD (2010) Prescribed fire as a means of reducing forest car-
bon emissions in the western United States. Environ Sci Technol 44:1926-1932.
doi:10.1021/es902455¢

Quintiere JG (2006) Fundamentals of fire phenomena. Wiley, Chichester

Drysdale D (2011) An introduction to fire dynamics. Wiley, Chichester

de Ris J (1979) Fire radiation—a review. In: 17th Symposium on Combustion. pp
1003-1016

de Ris J (2000) Radiation fire modeling. Proc Combust Inst 28(2):2751-2759.
doi:10.1016/S0082-0784(00)80696-7

Linan A, Williams FA (1972) Radiant ignition of a reactive solid with in-depth
absorption. Combust Flame 18:85-97. doi:10.1016/S0010-2180(72)80229-3

Shokri M, Beyler C (1989) Radiation from large pool fires. J Fire Prot Eng 1:141-149.
doi:10.1177/104239158900100404

Tien C, Lee K, Stretton A (2008) Radiation Heat Transfer. In: DiNenno P, Drysdale
D (eds) SFPE Handbook of Fire Protection Engineering, 4th edn. NFPA, Quincy, pp
1-74-1-90

Cohen JD (1995) Structure Ignition Assessment Model (SIAM). http://www.firewise.
org/wildfire-preparedness/wui-home-ignition-research/the-jack-cohen-files.aspx?sso =0
Bergman T, Incropera F, Lavine A (2011) Fundamentals of heat and mass transfer.
Wiley, New York

Cohen J, Saveland J (1997) Structure ignition assessment can help reduce fire damages
in the WUIL. http://www.firewise.org/wildfire-preparedness/wui-home-ignition-research/
the-jack-cohen-files.aspx?sso =d1d65917-4f03-46da-bb5f-0b815f0784¢ca


http://dx.doi.org/10.1071/WF13021
http://www.royalcommission.vic.gov.au/finaldocuments/summary/PF/VBRC_Summary_PF.pdf
http://www.royalcommission.vic.gov.au/finaldocuments/summary/PF/VBRC_Summary_PF.pdf
http://dx.doi.org/10.1007/s10694-014-0427-0
http://dx.doi.org/10.1371/journal.pone.0005102
http://dx.doi.org/10.1371/journal.pone.0005102
http://dx.doi.org/10.1073/pnas.1003669107
http://dx.doi.org/10.1002/2014GL059576
http://dx.doi.org/10.1002/2014GL059576
http://dx.doi.org/10.1021/es902455e
http://dx.doi.org/10.1016/S0082-0784(00)80696-7
http://dx.doi.org/10.1016/S0010-2180(72)80229-3
http://dx.doi.org/10.1177/104239158900100404
http://www.firewise.org/wildfire-preparedness/wui-home-ignition-research/the-jack-cohen-files.aspx%3fsso%3d0
http://www.firewise.org/wildfire-preparedness/wui-home-ignition-research/the-jack-cohen-files.aspx%3fsso%3d0
http://www.firewise.org/wildfire-preparedness/wui-home-ignition-research/the-jack-cohen-files.aspx%3fsso%3dd1d65917-4f03-46da-bb5f-0b815f0784ea
http://www.firewise.org/wildfire-preparedness/wui-home-ignition-research/the-jack-cohen-files.aspx%3fsso%3dd1d65917-4f03-46da-bb5f-0b815f0784ea

Review of Pathways for Building Fire Spread in the WUI

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.
81.

Cohen JD, Butler BW (1998) Modeling potential structure ignitions from flame radia-
tion exposure with implications for wildland/urban interface fire management. 13th
Fire Meterology Conference IAWF, Lorne, pp 81-86

Tran H, Cohen J, Chase R (1992) Modeling ignition of structures in wildland/urban
interface fires. In: 1st International fire and materials conference. Inter Science Com-
munications Limited, London, UK, Arlington, VA, pp 253-262

Reszka P, Borowiec P, Steinhaus T, Torero JL (2012) A methodology for the estima-
tion of ignition delay times in forest fire modelling. Combust Flame 159:3652-3657.
doi:10.1016/j.combustflame.2012.08.004

Stocks BJ, Alexander ME, Wotton BM et al (2004) Crown fire behaviour in a north-
ern jack pine black spruce forest. Can J For Res 34:1548-1560. doi:10.1139/x04-054
Alexander ME, Stocks BJ, Wotton BM, et al. (1998) The international crown fire
modelling experiment: an overview and progress report. In: Second symposium on fire
forest. American Meteorological Society, Boston, MA, Phoenix, AZ, pp 20-23

Stoll AM, Chianta MA (1971) Heat transfer through fabrics as related to thermal
injury. Trans N 'Y Acad Sci 33:649-670. doi:10.1111/§.2164-0947.1971.tb02630.x
Frankman DA, Webb BW, Butler BW et al (2013) Measurements of convective and
radiative heating in wildland fires. Int J Wildland Fire 22:157-167. doi:10.1071/
WF11097

Frankman D, Webb B, Butler B (2013) The effect of sampling rate on interpretation
of the temporal characteristics of radiative and convective heating in wildland flames.
J Wildland Fire 22:168-173. doi:10.1071/WF12034

Butler BW, Cohen J, Latham DJ et al (2004) Measurements of radiant emissive power
and temperatures in crown fires. Can J For Res 34:1577-1587. doi:10.1139/x04-060
Morandini F, Silvani X (2010) Experimental investigation of the physical mechanisms
governing the spread of wildfires. Int J Wildland Fire 19:570. doi:10.1071/WFO08113
Silvani X, Morandini F (2009) Fire spread experiments in the field: temperature and
heat fluxes measurements. Fire Safety J 44:279-285. doi:10.1016/j.firesaf.2008.06.004
Silvani X, Morandini F, Muzy J-F (2009) Wildfire spread experiments: fluctuations in
thermal measurements. Int Commun Heat Mass 36:887-892. doi:10.1016/j.icheatmas-
stransfer.2009.06.008

Kuznetsov VT, Filkov Al, Isaev YuN, Guk VO (2014) Ignition of wood subjected to
the decreasing radiant energy flux. Mater Sci Eng . doi:10.1088/1757-899X/81/1/
012071

Rothermel R (1972) A mathematical model for predicting fire spread in wildland fuels.
http://www.snap.uaf.edu/webshared/JenNorthway/AKFireModelingWorkshop/AKFire
ModelingWkshp/FSPro% Analysis % Guide% References/Rothermel % 1972%INT-115.
pdf

Porterie B, Nicolas S, Consalvi JL et al (2005) Modeling thermal impact of wildland
fires on structures in the urban interface. Part 1: radiative and convective components
of flames representative of vegetation fires. Numer Heat Transf A 47:471-489. doi:10.
1080/10407780590891434

Ito A, Kashiwagi T (1988) Characterization of flame spread over PMMA using holo-
graphic interferometry sample orientation effects. Combust Flame 71:189-204.
doi:10.1016/0010-2180(88)90007-7

Quintiere J, Harkleroad M, Hasemi Y (1986) Wall flames and implications for upward
flame spread. Combust Sci Technol 48:191-222. doi:10.1080/00102208608923893
Babrauskas V (2003) Ignition handbook. Fire Science Publishers, Issaquah

Byram GM (1959) Combustion of forest fuels. In: Davis K (ed) Foret fire: control
and use McGraw-Hill, New York, pp 61-89


http://dx.doi.org/10.1016/j.combustflame.2012.08.004
http://dx.doi.org/10.1139/x04-054
http://dx.doi.org/10.1111/j.2164-0947.1971.tb02630.x
http://dx.doi.org/10.1071/WF11097
http://dx.doi.org/10.1071/WF11097
http://dx.doi.org/10.1071/WF12034
http://dx.doi.org/10.1139/x04-060
http://dx.doi.org/10.1071/WF08113
http://dx.doi.org/10.1016/j.firesaf.2008.06.004
http://dx.doi.org/10.1016/j.icheatmasstransfer.2009.06.008
http://dx.doi.org/10.1016/j.icheatmasstransfer.2009.06.008
http://dx.doi.org/10.1088/1757-899X/81/1/012071
http://dx.doi.org/10.1088/1757-899X/81/1/012071
http://www.snap.uaf.edu/webshared/JenNorthway/AKFireModelingWorkshop/AKFireModelingWkshp/FSPro%25Analysis%25Guide%25References/Rothermel%251972%25INT-115.pdf
http://www.snap.uaf.edu/webshared/JenNorthway/AKFireModelingWorkshop/AKFireModelingWkshp/FSPro%25Analysis%25Guide%25References/Rothermel%251972%25INT-115.pdf
http://www.snap.uaf.edu/webshared/JenNorthway/AKFireModelingWorkshop/AKFireModelingWkshp/FSPro%25Analysis%25Guide%25References/Rothermel%251972%25INT-115.pdf
http://dx.doi.org/10.1080/10407780590891434
http://dx.doi.org/10.1080/10407780590891434
http://dx.doi.org/10.1016/0010-2180(88)90007-7
http://dx.doi.org/10.1080/00102208608923893

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Fire Technology 2016

Thomas PH (1963) The size of flames from natural fires. Proc Combust Inst 9:844—
859. doi:10.1016/S0082-0784(63)80091-0

Cohen JD (2001) Wildland-urban fire—a different approach. http://firewise.org/~/
media/Firewise/Files/Pdfs/Research/CohenWildland UrbanFireApproach.pdf

Pastor E, Zarate L, Planas E, Arnaldos J (2003) Mathematical models and calculation
systems for the study of wildland fire behaviour. Prog Energ Combust. 29:139-153.
doi:10.1016/S0360-1285(03)00017-0

Morvan D, Larini M, Dupuy JL, et al. (2006) Behaviour modelling of wildland fires: a
state of the Art. EUFIRELAB: Euro-Mediterrancan Wildland Fire Laboratory, a
“wall-less” Laboratory for Wildland Fire Sciences and Technolgies in the Euro-
Mediterranean Region. Deliverable D-03-01

Andrews P, Bevins C, Seli R (2003) BehavePlus fire modeling system version 4.0:
user’s guide. General Technical Report RMRS-GTR-106WWW

Finney M (2006) An overview of FlamMap fire modeling capabilities. USDA For Serv
Proc 213-220. http://www.fs.fed.us/rm/pubs/rmrs_p041/rmrs_p041_213_220.pdf
Finney MA (2004) FARSITE: Fire Area Simulator—model development and evalua-
tion. http://www.fs.fed.us/rm/pubs/rmrs_rp004.pdf

Scott JH (2012) Introduction to fire behavior modeling. National Interagency Fuels,
Fire, and Vegetation Technology Transfer pp 1-149. www.niftt.gov

Stocks B, Alexander M, Van Wagner C et al (1989) The Canadian forest fire danger
rating system: an overview. For Chron 65:258-265. doi:10.5558/tfc65258-4
Van-Wagner CE (1977) Conditions for the start and spread of crown fire. Can J For
Res 7:23-34

McArthur A (1966) Weather and grassland fire behaviour. Foresty and Timber
Bureau, Department of National Development, Commonwealth of Australia
McArthur AG (1966) Prescribed burning in Austrailia fire control. Aust For 30:4-11.
doi:10.1080/00049158.1966.10675391

McArthur A (1967) Fire behaviour in eucalypt forests, Leaflet No. 107. Forest
Research Institute, Canberra

Cheney P, Sullivan A (2008) Grassfires: fuel, weather and fire behaviour, 2nd edn.
CSIRO Publishing, Collingwood

Sullivan AL (2009) Wildland surface fire spread modelling, 1990-2007. Part 1: physical
and quasi-physical models. Int J Wildland Fire . doi:10.1071/WF06143

Sullivan AL (2009) Wildland surface fire spread modelling, 1990-2007. Part 2: empiri-
cal and quasi-empirical models. Int J Wildland Fire . doi:10.1071/WF06142

Sullivan AL (2009) Wildland surface fire spread modelling, 1990-2007. Part 3: Simula-
tion and mathematical analogue models. Int J Wildland Fire . doi:10.1071/WF06144
Finney MA, Cohen JD, McAllister SS, Jolly WM (2013) On the need for a theory of
wildland fire spread. Int J Wildland Fire 22:25-36. doi:10.1071/WF11117

Viegas DX, Simeoni A (2010) Eruptive behaviour of forest fires. Fire Technol 47:303—
320. doi:10.1007/s10694-010-0193-6

Drysdale DD, Macmillan A, Shilitto D (1992) The king’s cross fire: experimental veri-
fication of the “Trench effect”. Fire Safety J 18:75-82. doi:10.1016/0379-7112(92)900
48-H

Atkinson GT, Drysdale DD, Wu Y (1995) Fire driven flow in an inclined trench. Fire
Safety J 25:141-158. doi:10.1016/0379-7112(95)00039-9

Drysdale DD, Macmillan J (1992) Flame spread on inclined surfaces. Fire Safety J
18:245-254


http://dx.doi.org/10.1016/S0082-0784(63)80091-0
http://firewise.org/%7e/media/Firewise/Files/Pdfs/Research/CohenWildlandUrbanFireApproach.pdf
http://firewise.org/%7e/media/Firewise/Files/Pdfs/Research/CohenWildlandUrbanFireApproach.pdf
http://firewise.org/%7e/media/Firewise/Files/Pdfs/Research/CohenWildlandUrbanFireApproach.pdf
http://dx.doi.org/10.1016/S0360-1285(03)00017-0
http://www.fs.fed.us/rm/pubs/rmrs_p041/rmrs_p041_213_220.pdf
http://www.fs.fed.us/rm/pubs/rmrs_rp004.pdf
http://www.niftt.gov
http://dx.doi.org/10.5558/tfc65258-4
http://dx.doi.org/10.1080/00049158.1966.10675391
http://dx.doi.org/10.1071/WF06143
http://dx.doi.org/10.1071/WF06142
http://dx.doi.org/10.1071/WF06144
http://dx.doi.org/10.1071/WF11117
http://dx.doi.org/10.1007/s10694-010-0193-6
http://dx.doi.org/10.1016/0379-7112(92)90048-H
http://dx.doi.org/10.1016/0379-7112(92)90048-H
http://dx.doi.org/10.1016/0379-7112(95)00039-9

Review of Pathways for Building Fire Spread in the WUI

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Finney MA, Cohen JD, Grenfell IC, Yedinak KM (2010) An examination of fire
spread thresholds in discontinuous fuel beds. Int J Wildland Fire 19:163-170. doi:10.
1071/WFO07177

Syphard AD, Keeley JE, Brennan TJ (2011) Factors affecting fuel break effectiveness
in the control of large fires on the Los Padres National Forest, California. Int J Wild-
land Fire 20:764-775. doi:10.1071/WF10065

Syphard AD, Keeley JE, Brennan TJ (2011) Comparing the role of fuel breaks across
southern California national forests. For Ecol Manag 261:2038-2048. doi:10.1016/
j.foreco.2011.02.030

Finney MA, Cohen JD, Forthofer JM et al (2015) Role of buoyant flame dynamics in
wildfire spread. Proc Natl Acad Sci USA 112:9833-9838. do0i:10.1073/pnas.1504498112
Rein G (2015) Breakthrough in the understanding of flaming wildfires. Proc Natl Acad
Sci USA 112:9795-9796. doi:10.1073/pnas.1512432112

Rehm R (2008) The effects of winds from burning structures on ground-fire propaga-
tion at the wildland-urban interface. Combust Theor Model 12:1-20. doi:10.1080/
13647830701843288

Quarles SL (2012) Vulnerabilities of buildings to wildfire exposures. pp 1-13. http://
articles.extension.org/pages/63495/vulnerabilities-of-buildings-to-wildfire-exposures
Koo E, Linn RR, Pagni PJ, Edminster CB (2012) Modelling firebrand transport in
wildfires using HIGRAD/FIRETEC. Int J Wildland Fire 21:396. doi:10.1071/
WF09146

Vodvarka F (1969) Firebrand field studies—final report. Illinois Institute of Technol-
ogy Research Institute, Chicago

Vodvarka F (1970) Ubran Burns—full-scale field studies—final report. Illinois Institute
of Technology, Chicago

Waterman T (1969) Experimental study of firebrand generation. Illinois Institute of
Technology, Chicago

Clements HB (1977) Lift-off of Forest Firebrands. USDA Forest Service SE-159.
Asheville, North Carolina

Ellis PF (2000) The aerodynamic and combustion characteristics of eucalypt bark. A
firebrand study. https://digitalcollections.anu.edu.au/handle/1885/49422

Woycheese J, Pagni PJ (1998) Brand lofting in large fire plumes. Building and Fire
Research Laboratory, National Institute of Standards of Technology

Pagni P, Woycheese JP (2000) Fire Spread by Brand Spotting. In: Bryner NP (ed)
U.S./Japan Government Cooperative Program Natural Resources (UJINR). Fire Res
Safety. 15th Joint Panel Meet, vol 2. San Antonio, TX, pp 373-380

Yoshioka H, Hayashi Y, Masuda H, Noguchi T (2004) Real-scale fire wind tunnel
experiment on generation of firebrands from a house on fire. Fire Sci Technol 23:142—
150. doi:10.3210/fst.23.142

Manzello SL, Maranghides A, Shields JR et al (2009) Mass and size distribution of
firebrands generated from burning Korean pine (Pinus koraiensis) trees. Fire Mater
33:21-31. doi:10.1002/fam.977

Manzello SL, Maranghides A, Mell WE (2007) Firebrand generation from burning
vegetation. Int J Wildland Fire 16:458-462. doi:10.1071/WF06079

Suzuki S, Manzello SL, Hayashi Y (2013) The size and mass distribution of firebrands
collected from ignited building components exposed to wind. Proc Combust Inst
34:2479-2485. doi:10.1016/j.proci.2012.06.061

Suzuki S, Brown A, Manzello SL et al (2014) Firebrands generated from a full-scale
structure burning under well-controlled laboratory conditions. Fire Safety J 63:43-51.
doi:10.1016/j.firesaf.2013.11.008


http://dx.doi.org/10.1071/WF07177
http://dx.doi.org/10.1071/WF07177
http://dx.doi.org/10.1071/WF10065
http://dx.doi.org/10.1016/j.foreco.2011.02.030
http://dx.doi.org/10.1016/j.foreco.2011.02.030
http://dx.doi.org/10.1073/pnas.1504498112
http://dx.doi.org/10.1073/pnas.1512432112
http://dx.doi.org/10.1080/13647830701843288
http://dx.doi.org/10.1080/13647830701843288
http://articles.extension.org/pages/63495/vulnerabilities-of-buildings-to-wildfire-exposures
http://articles.extension.org/pages/63495/vulnerabilities-of-buildings-to-wildfire-exposures
http://dx.doi.org/10.1071/WF09146
http://dx.doi.org/10.1071/WF09146
https://digitalcollections.anu.edu.au/handle/1885/49422
http://dx.doi.org/10.3210/fst.23.142
http://dx.doi.org/10.1002/fam.977
http://dx.doi.org/10.1071/WF06079
http://dx.doi.org/10.1016/j.proci.2012.06.061
http://dx.doi.org/10.1016/j.firesaf.2013.11.008

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Fire Technology 2016

Suzuki S, Manzello SL, Lage M, Laing G (2012) Firebrand generation data obtained
from a full-scale structure burn. Int J Wildland Fire 21:961-968. doi:10.1071/WF11133
Rissel S, Ridenour K (2012) Ember production during the bastrop complex fire. Fire
Manag Today 72(4):7-13

Manzello SL, Foote EID (2014) Characterizing firebrand exposure from wildland—ur-
ban interface (WUI) fires: results from the 2007 Angora fire. Fire Technol 50:105-124.
doi:10.1007/s10694-012-0295-4

Zhou K, Suzuki S, Manzello SL (2015) Experimental study of firebrand transport.
Fire Technol 51:785-799. doi:10.1007/s10694-014-0411-8

Tohidi A, Kaye N, Bridges W (2015) Statistical description of firebrand size and shape
distribution from coniferous trees for use in Metropolis Monte Carlo simulations of
firebrand flight distance. Fire Safety J 77:21-35. doi:10.1016/j.firesaf.2015.07.008

Pagni W (1999) Combustion Models for Wooden Brands. In: Proceedings of 3rd Inter-
national Conference Fire Research Engineering SFPE. Washington, DC, pp 53-71
Foote E, Liu J, Manzello S (2011) Characterizing firebrand exposure during wildland
urban interface fires. In: Proceedings of 12th International Conference Fire and Mate-
rials. Interscience Communications, London pp 479492

Murphy K, Rich T, Sexton T (2007) An Assessment of Fuel Treatment Effects on Fire
Behavior, Suppression Effectiveness, and Structure Ignition on the Angora Fire.
USDA RS5-TP-025. http://www.cnpssd.org/fire/angorafireusfsfullreport.pdf

El Houssami M, Mueller E, Filkov A et al (2015) Experimental procedures character-
ising firebrand generation in wildland fires. Fire Technol . doi:10.1007/s10694-015-
0492-z

Manzello SL, Suzuki S, Hayashi Y (2012) Exposing siding treatments, walls fitted with
eaves, and glazing assemblies to firebrand showers. Fire Safety J 50:25-34. doi:10.
1016/j.firesaf.2012.01.006

Barr BW, Ezekoye O (2013) Thermo-mechanical modeling of firebrand breakage on a
fractal tree. Proc Combust Inst 34:2649-2656. doi:10.1016/j.proci.2012.07.066
Muraszew A, Fedele JB, Kuby WC (1976) Investigation of Fire Whirls and Fire-
brands. USDA ATR-76(7509). El Segundo, California

Luke RH, McArthur AG (1978) Bushfires in Australia. Australian Government Pub-
lishing Service, Canberra

Bunting SC, Wright HA (1974) Ignition capabilities of non-flaming firebrands. J For
72(10):646-649

Muraszew A, Fedele JB, Kurby WC (1975) Firebrand Investigation. USDA ATR-
75(7470)-1. El Segundo, California

Muraszew A (1974) Firebrand Phenomena. USDA ATR-74(8165-01)-1. El Segundo,
California

Muraszew A, Fedele JB (1976) Statistical Model for Spot Fire Hazard. USDA ATR-
77(7588)-1. El Segundo, California

Muraszew A, Fedele JB, Kuby WC (1977) Trajectory of firebrands in and out of fire
whirls. Combust Flame 30:321-324. doi:10.1016/0010-2180(77)90081-5

Albini F (1979) Spot fire distance from burning trees: a predictive model. USDA INT-
56.U.S. Intermountain Forest and Range Experiment Station

Albini FA (1981) Spot fire distance from isolated sources—extensions of a predictive
model. https://www.frames.gov/documents/behaveplus/publications/Albini_1981_
INT-RN-309_ocr.pdf

Albini F, Alexander ME, Cruz MG, Cruz Miguel G (2012) A mathematical model for
predicting the maximum potential spotting distance from a crown fire. Int J Wildland
Fire 21:609-627. doi:10.1071/WF11020


http://dx.doi.org/10.1071/WF11133
http://dx.doi.org/10.1007/s10694-012-0295-4
http://dx.doi.org/10.1007/s10694-014-0411-8
http://dx.doi.org/10.1016/j.firesaf.2015.07.008
http://www.cnpssd.org/fire/angorafireusfsfullreport.pdf
http://dx.doi.org/10.1007/s10694-015-0492-z
http://dx.doi.org/10.1007/s10694-015-0492-z
http://dx.doi.org/10.1016/j.firesaf.2012.01.006
http://dx.doi.org/10.1016/j.firesaf.2012.01.006
http://dx.doi.org/10.1016/j.proci.2012.07.066
http://dx.doi.org/10.1016/0010-2180(77)90081-5
https://www.frames.gov/documents/behaveplus/publications/Albini_1981_INT-RN-309_ocr.pdf
https://www.frames.gov/documents/behaveplus/publications/Albini_1981_INT-RN-309_ocr.pdf
http://dx.doi.org/10.1071/WF11020

Review of Pathways for Building Fire Spread in the WUI

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Albini FA (1983) Potential spotting distance from wind-driven surface fires.
http://sagemap.wr.usgs.gov/Docs/Albini.1983.RP-INT-309.pdfa

Chase CH (1981) Spot fire distance equations for pocket calculators. USDA INT-310.
Intermountain Experiment Station

Morris GA (1987) A simple method for computing spotting distances from wind-dri-
ven surface  fires.  https://www.frames.gov/documents/behaveplus/publications/
Morris_1987_INT-RN-374.pdf

Baum HR, McCaffrey BJ (1989) Fire induced flow field-theory and experiment. Fire
Safety Sci 2:129-148. doi:10.3801/TAFSS.FSS.2-129

Wang H-H (2009) Analysis on downwind distribution of firebrands sourced from a
wildland fire. Fire Technol 47:321-340. doi:10.1007/s10694-009-0134-4

Baum H, Atreya A (2014) A model for combustion of firebrands of various shapes.
Fire Safety Sci 11:1353-1367. doi:10.3801/TAFSS.FSS.11-1353

Ellis PFM (2013) Firebrand characteristics of the stringy bark of messmate (Eucalyp-
tus obliqua) investigated using non-tethered samples. Int J Wildland Fire 22:642-651.
doi:10.1071/WF12141

Sardoy N, Consalvi J, Porterie B, Fernandez-Pello AC (2007) Modeling transport and
combustion of firebrands from burning trees. Combust Flame 150:151-169. doi:10.
1016/j.combustflame.2007.04.008

Sardoy N, Consalvi JL, Kaiss A et al (2008) Numerical study of ground-level distribu-
tion of firebrands generated by line fires. Combust Flame 154:478-488. doi:10.1016/
j.combustflame.2008.05.006

Nielsen HJ, Tao LN (1965) The fire plume above a large free-burning fire. In: Proc
Combust Inst pp 965-972

Lee S, Hellman JM (1970) Firebrand trajectory study using an empirical velocity-de-
pendent burning law. Combust Flame 15:265-274. doi:10.1016/0010-2180(70)90006-4
Lee S-L, Hellman JM (1969) Study of firebrand trajectories in a turbulent swirling nat-
ural convection plume. Combust Flame 13:645-655. doi:10.1016/0010-2180(69)90072-8
Fernandez-Pello AC (1982) An analysis of the forced convective burning of a com-
bustible particle. Combust Sci Technol 28:305-313. doi:10.1080/00102208208952562
Tse SD, Fernandez-Pello AC (1998) On the flight paths of metal particles and embers
generated by power lines in high winds—a potential source of wildland fires. Fire
Safety J 30:333-356. doi:10.1016/S0379-7112(97)00050-7

Anthenien RA, Tse SD, Carlos Fernandez-Pello A (2006) On the trajectories of
embers initially elevated or lofted by small scale ground fire plumes in high winds. Fire
Safety J 41:349-363. doi:10.1016/j.firesaf.2006.01.005

Albini F (1983) Transport of firebrands by line thermals. Combust Sci Technol
32:277-288. doi:10.1080/00102208308923662

Kinoshita CM, Pagni PJ, Beier RA (1981) Opposed flow diffusion flame extensions.
Proc Combust Inst 18:1853-1860. doi:10.1016/S0082-0784(81)80191-9

Himoto K, Tanaka T (2008) Development and validation of a physics-based urban fire
spread model. Fire Safety J 43:477—494. doi:10.1016/j.firesaf.2007.12.008

Cunningham P, Goodrick SL, Yousuff Hussaini M, Linn RR (2005) Coherent vortical
structures in numerical simulations of buoyant plumes from wildland fires. Int J Wild-
land Fire 14:61-75. doi:10.1071/WF04044

Cunningham P, Linn RR (2007) Numerical simulations of grass fires using a coupled
atmosphere-fire model: dynamics of fire spread. J Geophys Res-Atmos 112:1-19.
doi:10.1029/2006JD007638

Hage KD (1961) On the dispersion of large particles from a 15-m source in the atmo-
sphere. J Meteorol 18:534-539. doi:10.1175/1520-0469(1961)018


http://sagemap.wr.usgs.gov/Docs/Albini.1983.RP-INT-309.pdfa
https://www.frames.gov/documents/behaveplus/publications/Morris_1987_INT-RN-374.pdf
https://www.frames.gov/documents/behaveplus/publications/Morris_1987_INT-RN-374.pdf
http://dx.doi.org/10.3801/IAFSS.FSS.2-129
http://dx.doi.org/10.1007/s10694-009-0134-4
http://dx.doi.org/10.3801/IAFSS.FSS.11-1353
http://dx.doi.org/10.1071/WF12141
http://dx.doi.org/10.1016/j.combustflame.2007.04.008
http://dx.doi.org/10.1016/j.combustflame.2007.04.008
http://dx.doi.org/10.1016/j.combustflame.2008.05.006
http://dx.doi.org/10.1016/j.combustflame.2008.05.006
http://dx.doi.org/10.1016/0010-2180(70)90006-4
http://dx.doi.org/10.1016/0010-2180(69)90072-8
http://dx.doi.org/10.1080/00102208208952562
http://dx.doi.org/10.1016/S0379-7112(97)00050-7
http://dx.doi.org/10.1016/j.firesaf.2006.01.005
http://dx.doi.org/10.1080/00102208308923662
http://dx.doi.org/10.1016/S0082-0784(81)80191-9
http://dx.doi.org/10.1016/j.firesaf.2007.12.008
http://dx.doi.org/10.1071/WF04044
http://dx.doi.org/10.1029/2006JD007638
http://dx.doi.org/10.1175/1520-0469(1961)018

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Fire Technology 2016

Jones JC (1995) Improved calculations concerning the ignition of forest litter by hot
particle ingress. J Fire Sci 13:350-356. doi:10.1177/073490419501300502

Dowling VP (1994) Ignition of timber bridges in bushfires. Fire Safety J 22:145-168.
doi:10.1016/0379-7112(94)90070-1

Manzello SL, Cleary TG, Shields JR, Yang JC (2006) Ignition of mulch and grasses
by firebrands in wildland—urban interface fires. Int J Wildland Fire 15(3):427-431.
doi:10.1071/WF06031

Manzello S, Shields J, Hayashi Y, Nii D (2008) Investigating the vulnerabilities of
structures to ignition from a firebrand attack. Fire Safety Sci 9:143-154. doi:10.3801/
TAFSS.FSS.9-143

Manzello SL, Park S-H, Cleary TG (2009) Investigation on the ability of glowing fire-
brands deposited within crevices to ignite common building materials. Fire Safety J
44:894-900. doi:10.1016/j.firesaf.2009.05.001

Ellis PFM (2015) The likelihood of ignition of dry-eucalypt forest litter by firebrands.
Int J Wildland Fire 24:225-235. doi:10.1071/WF 14048

Santamaria S, Kempna K, Thomas JC, et al. (2015) Investigation of structural wood
ignition by firebrand accumulation. In: First international conference on structures
safety under fire blast. Glasgow, UK, pp 1-13

Ganteaume A, Guijarro M, Jappiot M et al (2011) Laboratory characterization of fire-
brands involved in spot fires. Ann For Sci 68:531-541. doi:10.1007/s13595-011-0056-4
Rein G (2009) Smouldering combustion phenomena in science and technology. Int
Rev Chem Eng 1:3-18. http://hdl.handle.net/1842/2678

Urbas J, Parker WJ, Luebbers GE (2004) Surface temperature measurements on burn-
ing materials using an infrared pyrometer: accounting for emissivity and reflection of
external radiation. Fire Mater 28:33-53. doi:10.1002/fam.844

Stokes A (1990) Fire ignition by copper particles of controlled size. J Electr Electron
Eng Aust 10(3):188-194

Hadden RM, Scott S, Lautenberger C, Fernandez-Pello C (2010) Ignition of com-
bustible fuel beds by hot particles: an experimental and theoretical study. Fire Technol
47:341-355. doi:10.1007/s10694-010-0181-x

Gol’dshleger U, Pribytkova K, Barzykin V (1973) Ignition of a condensed explosive
by a hot object of finite dimensions. Combust Explo Shock 9(1):99-102. http://www.
springerlink.com/index/X30722407143422K .pdf

Thomas PH (1964) A comparison of some hot spot theories. Combust Flame
9(4):369-372. doi:10.1016/0010-2180(65)90025-8

Manzello SL, Suzuki S (2014) exposing decking assemblies to continuous wind-driven
firebrand showers. 11th International Symposium on Fire Safety Science. http://www.
nist.gov/customcf/get_pdf.cfm?pub_id =913383

Finney MA, McAllister SS, Maynard TB, Grob 1J (2015) A study of wildfire ignition
by rifle bullets. Fire Technol . doi:10.1007/s10694-015-0518-6

Jolly WM, Mcallister S, Finney MA, Hadlow A (2010) Time to ignition is influenced
by both moisture content and soluble carbohydrates in live Douglas fir and Lodgepole
pine needles. Proc. VI Int. Conf. For, Fire Res

Jolly WM, Parsons RA, Hadlow AM et al (2012) Relationships between moisture,
chemistry, and ignition of Pinus contorta needles during the early stages of mountain
pine beetle attack. Forest Ecol Manag 269:52-59. doi:10.1016/j.foreco.2011.12.022
Viegas DX, Almeida M, Raposo J et al (2012) Ignition of mediterranean fuel beds by
several types of firebrands. Fire Technol . doi:10.1007/s10694-012-0267-8


http://dx.doi.org/10.1177/073490419501300502
http://dx.doi.org/10.1016/0379-7112(94)90070-1
http://dx.doi.org/10.1071/WF06031
http://dx.doi.org/10.3801/IAFSS.FSS.9-143
http://dx.doi.org/10.3801/IAFSS.FSS.9-143
http://dx.doi.org/10.1016/j.firesaf.2009.05.001
http://dx.doi.org/10.1071/WF14048
http://dx.doi.org/10.1007/s13595-011-0056-4
http://hdl.handle.net/1842/2678
http://dx.doi.org/10.1002/fam.844
http://dx.doi.org/10.1007/s10694-010-0181-x
http://www.springerlink.com/index/X30722407143422K.pdf
http://www.springerlink.com/index/X30722407143422K.pdf
http://dx.doi.org/10.1016/0010-2180(65)90025-8
http://www.nist.gov/customcf/get_pdf.cfm%3fpub_id%3d913383
http://www.nist.gov/customcf/get_pdf.cfm%3fpub_id%3d913383
http://dx.doi.org/10.1007/s10694-015-0518-6
http://dx.doi.org/10.1016/j.foreco.2011.12.022
http://dx.doi.org/10.1007/s10694-012-0267-8

Review of Pathways for Building Fire Spread in the WUI

185.

186.

187.

188.

189.

190.

191.

192.

Wang S, Huang X, Chen H et al (2015) Ignition of low-density expandable polystyr-
ene foam by a hot particle. Combust Flame 162(11):4112-4118. doi:10.1016/j.combust-
flame.2015.08.017

Manzello SL, Suzuki S, Hayashi Y (2012) Enabling the study of structure vulnerabili-
ties to ignition from wind driven firebrand showers: A summary of experimental
results. Fire Safety J 54:181-196. doi:10.1016/j.firesaf.2012.06.012

Zak C, Urban J, Tran VI, Fernandez-pello C (2014) Flaming ignition behavior of hot
steel and aluminum spheres landing in cellulose fuel beds. Fire Safety Sci 11:1368—
1378. doi:10.3801/TAFSS.FSS.11-1368

Tolhurst K, Duff T, Chong D (2014) Using fire simulations to assess house vulnerabil-
ity at the urban interface. Fire Note, Bushfire CRC pp 1-4. http://www.bushfirecrc.
com/resources/firenote/using-fire-simulations-assess-house-vulnerability-urban-interface
Lautenberger C (2015) Wildland fire hazard modeling tools (WFHMT). http://
reaxengineering.com/trac/wfhmt/. Accessed 3 Oct 2015

State of California: CALFIRE (2015) California Fire Hazard Severity Zone Model
Map Update Project. http://www.fire.ca.gov/fire_prevention/fire_prevention_wildland_
zones_maps.php. Accessed 3 Oct 2015

Porterie B, Consalvi J-L, Loraud J-C et al (2007) Dynamics of wildland fires and their
impact on structures. Combust Flame 149:314-328. doi:10.1016/j.combustflame.2006.
12.017

State of California (2012) California building code: materials and construction meth-
ods for exterior wildfire exposure. http://publicecodes.cyberregs.com/st/ca/st/b200v10/


http://dx.doi.org/10.1016/j.combustflame.2015.08.017
http://dx.doi.org/10.1016/j.combustflame.2015.08.017
http://dx.doi.org/10.1016/j.firesaf.2012.06.012
http://dx.doi.org/10.3801/IAFSS.FSS.11-1368
http://www.bushfirecrc.com/resources/firenote/using-fire-simulations-assess-house-vulnerability-urban-interface
http://www.bushfirecrc.com/resources/firenote/using-fire-simulations-assess-house-vulnerability-urban-interface
http://reaxengineering.com/trac/wfhmt/
http://reaxengineering.com/trac/wfhmt/
http://www.fire.ca.gov/fire_prevention/fire_prevention_wildland_zones_maps.php
http://www.fire.ca.gov/fire_prevention/fire_prevention_wildland_zones_maps.php
http://dx.doi.org/10.1016/j.combustflame.2006.12.017
http://dx.doi.org/10.1016/j.combustflame.2006.12.017
http://publicecodes.cyberregs.com/st/ca/st/b200v10/

	Review of Pathways for Building Fire Spread in the Wildland Urban Interface Part I: Exposure Conditions
	Abstract
	The Wildland--Urban Interface Problem
	Exposure Conditions
	Radiant Exposure
	Direct Flame Contact
	Fire Behavior

	Firebrands
	Firebrand Production
	Firebrand Transport
	Firebrand Ignition of Fuel


	Discussion
	Exposure Framework
	Firebrands
	Wildland Fire Fundamentals

	Conclusions
	Acknowledgments
	References




