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Abstract

A series of field experiments was conducted to examine the effects on fire spread toward a
structue for combustible fences and mulch under conditions that may be encountered in a
wildland-urban interface (WUI) fire. The fire behavior of a variety of materials, designs, and
configurations were studied under various wind conditions. The 187 experiveretsplit

into five categories: mulch only, fence only, fence plus mulch, parallel fences, and long range
firebrand experiments. Fence materials included western redcedar, California redwood, pine,
vinyl, and woodplastic composites, and fence stylesueld privacy, lattice, and good

neighbor (board on board). The tested mulch types were shredded hardwood, mini pine bark
nuggets, pine straw, rubber, and artificial turf. A wind machine provided a mean wind speed
between 6 m/s and 14 m/s (&®h to 31 mih). The fence and/or mulch bed was ignited by a
propane burner on the ground at the end farthest from the structure. A small structure was
located between f and 1.83 m (0O ft to 6 ft) downwind of the fence or mulch bed as a target
for flames and firebrarsd A target mulch bed at the base of the structure tested the ability of
firebrands produced by the burning fence and mulch bed to ignite spot fires that threatened
the structure.

The experiments in this study demonstrated that combustible fences caidlmraluits for

fire and can potentially spread fire to attached or adjacent structures. Combinations of
combustible items were found to increase the fire hazard disproportionately. Fire behavior
was classified as very high, high, medium, and low ha®agid fire growth and large

flames were found for parallel fences and one type of vpdastic composite fence. Good
neighbor fences carried flames from the ground to the top of the fence. Combustible fences
with mulch at their base were found to be higlzdrd, transporting fire through the

community and providing a steady source of firebrands. Fire spread continuously over mulch
beds, with progress sometimes enhanced by the ignition of spot fires downwind. Medium fire
hazard was found for wood fenceslie tabsence of mulch, with slow fire spread dominated

by glowing combustion with occasional small flames. Low fire hazard was expected for
noncombustible fences, with maintenance required to minimize the accumulation of fine
combustible materials along tfence.

In all cases the fire progress was affected by the wind field; the structure created both upward
flow (enhanced by buoyancy) and a vortex that both deposited firebrands next to the structure
and slowed flame spread on the ground. During most expetanthe burning mulch and

fences produced firebrands that ignited spot fires in the target mulch bed. In long range
experiments, firebrands from fences and mulch beds caused ignitions over 47 m (155 ft)
downwind.

This study of fence fire spread is pafiacseries designed to better inform standards and
codes regarding placement of landscape features around homes that are at risk of exposure to
wildland-urban interface fires.

Keywords

Embers; fence fires; fences; firebrands; fire spread; mulch; pasilets$; structural
ignition; structure vulnerability; wildland urban interface fires; wadrdven fires; WUI fires.
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Executive Summary

Wildland-urban interface (WUI) fires threaten communities in many locations around the
world. Fences and mulch halieen identified as contributors to the spread of WUI fires

within communities. Once ignited, these fuels become sources that may ignite nearby objects
through direct flame contacgtdiation, convectiorand firebrandsThe hazard of wind

driven fire propgation and spread associated with fences varies greatly depending on their
design, material compositioopnfiguration with respect toearby materials and objecénd
maintenance

It is important to understand the mechanisms by which these combustilidedaing

elements can transport fire to a home in order to find ways to addrédsstrd Such

knowledge helps with proactive desjgmplementationand maintenanceithin the

community. It informs homeowners on what they can do to protect themset/ésesr

properties. It also helps fire departments to plan defensive strategies, placing resources and
assigning tasks where they will be the most effective. The goaérgi@ncehe safety of
members of the public and first respondamdto reduce stictural fire losses

CONTRIBUTION OF FENCES AND MULCH TO THE FIRE PROBLEM

WUI fire case studieperformed by the National Institute of Standards and Technology
(NIST) have identified fences and mulaB common contributors to the spread of WUI fires
within communities. In the Tanglewood Complex Fire, over 2.4 km of fences were found to
be damaged or destroyed within a community of 47 residential structusbsch 17 homes
were destroyed and 4 were damaged. Instances of fires sprabmiggenceso strictures
were observed in the Witch Creek Fire and the Waldo Canyon Firefifredstld

observations havieundthatwood fences areftentotally consumedeaving behind only

the metal hardware (nails and screws) used during their assembly. In hayidfieenber
exposure locationgencesthat are partially burneldaveoftenbeen linked to specific
defensive actionss related by first respondehs many WUI fires, firefighters have
removed fenceas part of their defensive strategy aimedaattaining the fire oprevening

it from reachinganearby structureSuch activities reduce resources allocatddesafety
operations andirect structure protection.

Fences, mulchand other combustible landscaping elements can act apduetitial ignition
sites from existing fires argburces of firspread themselveshese materials can be ignited
by a wildfire through direct flame contact, radiateomd convection from the fiaes or
firebrands. Firebrandsiso referred to as embease carried by the wind and may ignite
combustible materials in a community far downwind of the fire frOnice ignitedfences

and mulchmaythemselveggnite nearby objectsncluding a homehroughthe same
mechanisms ddirect flame contacgtadiation convectionandfirebrands.

Fencesretypically placedalongthe perimeter of parceland theycan be connectedirectly
to neighboringfences osit in closeproximity to other fuelssuch as combustible sheds or
woodpiles. The way the fence is connected to a resalastructurecan also impact hothe
fire spread$rom a burning fencandthe probabilityof ignition.

Some fences release litthe noenergy while others burn vigordysFenceand mulch
combinationsanbe divided intdour fire spread hazardategoriesvery high, high,
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medium,and low.Very highfire hazard fene configuratios are those that threaten a
structure throughapid fire spread anldrge flamesxtending Bove the fenceThis study
found that parallel combustible surfaces fell into this category, as did certairphasbid
composite fences.

High fire hazardcombinationof fence and mulchelease a considerable amount of energy
while burning,igniting nearbycombustibleghroughdirect flame contact or radiati@nd
convection from the flame3his category alsancludesfencesand mulchthatgenerate
firebrands capable of igniting spotds downwindMost combustible fences, mulch, and
fencemulch combinations fell into this category, with the capability of acting as a wick to
spread fire toward a structure in the time of minutes to andrea

Fencesand mulchare classified asediumfire hazardf they are combustible buto not

typically ignite nearby combustibles and do not casigaificantdownwind fire spreadn

this category were vinyl fences and single wood fences in the complete absence of adjacent
fine fuels.

Althoughfences made of noncombustible materials such as stone, brick, omstezhot
included in this studythey can be classified as low fire hazdardey do not burn on their
own but cartrap andaccumulate windblown debris along their lendfmot removed,
combustible materials at the baseseén noncombustiblences can transport fire

Because of the line@haracteof fences, they can contribute to multiplére pathways

resuling in fire propagatiorbothwithin and beyond the parcel of origifihis linearity and

the resultingextensive spatial fire and ember exposure can potentially increase thetbazard
multiple parels andmultiple structures in the vicinity ofery high andhighfire hazard

fences.

FENCE USAGE AND MAINTENANCE

Multiple considerations affeceficedesignand implementatiarin additionto obvious

factors such as function, esthetics, and,qsmitting and installation requirements may be
imposed byAuthorities Having Jurisdiction (AHJslndhomeownes associatins HOAS).
Some of these considerations impiet ignition propensity and fire behavior of fences.

Fencesareofteninstalledin contact withthe ground to keep pets in a yamdunwanted
animals outUnfortunately, his configuration may puhosefences in proximity to
flammable mulclandto windblown debrisaccumulating at the base

Fences are exposed to outdoor conditions, including extremes in temperature, precipitation,
and UV radiation, over long time periods, typically with little or no fire pntioa
maintenanceleaf litter and other combustible debris may accumulate at the base, creating a
fine, dry, continuous fuel source analogous to the mbletis in this study.

Vegetatiorplanted near the feneeay dry outignite in a WUI fire,and ignite the fence
turn. Interactions between the burning vegetation and fence may increase the intensity of the
fence and enhance thiee spread.

Homeownersising fences to enclose their yards megctfences near or at the property line.
When ths practice is followed by twadjoiningneighborsit can result in garallelfence
configurationthatthis study findgo beparticularly hazardous
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EXPERIMENTAL DESIGN

Thisreportpresents study of fire spread froeombustibleences and mulch bedsao
nearby structure in a wind fieldhe goal of the study was to assess the severity of the fire
hazard that fences and mulch pbgestructuresThe fire behavior of these fuels, including
flame spread rate, spotting due to firebrands,dmvehwindignition potential, was observed
under various conditions of applied wind and proximity to a structure.

In thesefield experiments, a fence section, mulch bed or fence/mulch bed combination was
arranged perpendicular to the wall of a small stmezdndseparated from it by distance up

to the length of dence panel. Beyond the fence and/or mulch bed was a large fan that
generated a wind field directed toward the structiriére was ignited using a propane

burner at the end of the object clssw the fan, and the fire wabserveds it spread toward
the structure througtiame contact and firebrand spotting.

In early experiments, the wall of the structure was covered by a sacrificial combustible layer
and structure ignition was characteriz@aly firebrandscaught in the narrow space between
the structure and the pavemaerdre found tacause incipient ignitions these experiments

To better characterize the ability of firebrargnerated by the burning fence or mulch bed

to ignite combusible materials near the housesecond mulch bed was placed along the base
of the structures a targetThewall was noncombustible these experiments, and the
structure was considered threatened when the spot fire reached thHe @xadkycase, the
experiment was terminated using water suppression when fire reached the base of the
structure and before the structure itself ignifEte eaves and roof of the structure were
manually cooled when pyrolysis (smoking) was observéd.contributios of structure
geometry, wall cladding, and construction to structure ignitierewot the focus of this

study.

Video analysis provided data measure¢he progress of the fire along the mulch and fence.
The time for a firebrand to ignite a spot fire ie ttarget mulch bed was recorded, along with
the time for the spot fire to reach the walinbient wind and temperature were measured,
andbidirectionalprobesrecorded thapeed of thevind reaching the test object.

A variety of fence and mulcmaterials designs, and combinatiomgere tested at three wind
speed levels and four septon distancebetweerthefuel source anthe structure The four
basic configurations that were studied are illustratdelgnES 1. Shown from left to right
are test setups for mulch only, fence only, fence plus mulch, and parallel feeices.
materials included western redcedar, redwood, pieathered woodjinyl, andwood

plastic compositePrivacy, lattice, and good neighbor (board on board) fence styles were
studied Mulch typesincluded shredded hardwoatlilch pine barkmulch pine straw

mulch, rubber mulchand artificial turf Most fence experiments were performed with a
length of one fence panel; a few experiments added a second fence panel length to test
whether the fire spread mechanisms had been fully capitinedhree wnd speed levels
were categorized as lof@ m/s or 13mi/h), medium (10 m/s or 22 mi/h), and hig® m/sor
31 mi/h). The four separation distances were 0 m, 0.30 m (1 ft), 0.91 m (3 ft), anch1.83
(6 ft). Long-range firebrand spotting was studied in a small number of experimghtsit
the shed in placandwith the target mulch beat leas4Om (130 ft) downwind from the
firebrand source
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Fig. ES.1. Configurations tested in this study at various separation distances (SD).

LIM

This study was a survey of the fire behavior in wind of a variety of combustible fences and
mulches near a structure. It illuminated the differences in behaviselectednaterials and

ITATIONS

fence designs and demonstrated certain trends.

Limitations of this esearch includéhe foll

owing

Combinations of fuelsvere limited

Few experiments were repeated

Distance downwind was limited for lofrgnge spotting study
Fuels were ignited at a single location on or near the ground

Ignition was by gas burner rathi#an a natural source
The orientation of wind to the structure wall was limited

The mulch was preheated by heat conduction through the steel pan.

Accumulation of windblown debris was not considered in Fence Only experiments

Effects of terrain were notuedied
Smoke toxicity was not included
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KEY FINDINGS

The experiments in this study demonstrated a rangeecfpreachazards from various types
and configurations of fences and mulch ignited close to a struntareind field.General
findings ardistedfirst and followed byfindings for configurations classified asry high
hazard high hazardmedium,and low hazardThe findings are labellegiccording to the
following categories

FH  Fire Hazard
LS Life Safety
HR  Hazard Reductioih materials, assemblies, implementation/housekeeping

IC Improved Characterizationrecommendeduture workto characterize these
fuels more fully

General findings
The resultgrom these experiments on fire spregnonstrated that:

F1. As combustiblematerials are combined, the hazard increases disproportionately.
(FH)

Fuel agglomeration provides significant increase in energy release and increases fire and
ember exposures. For a single combustible fence panel by itself, the fire behavior was limited
to glowing combustion near the area of ignition, witebrands generatingpot firesonly on

rare occasiondVhen a combination of a wood fence and shredded hardwood mulch was
ignited at the base, the flames remained over the lower half of the fenceogresped

steadily in the direction of the wind. Adding a secorabd/fenceparallel tothe firstresulted

in flamesengulfing the fencewithin a few minutes of ignition.

F2. Fences may impact egress. (LS)

In a WUI fire, high and very high hazard fence cguafations may result in a line of flames
close to egress paths from a house or auxiliary dwelingne set of experiments on a
woodplastic composite fenceye top and bottom frames distxtandallowedburning
boardgo fall to either sideThis credéed a 4 m (12 ft) wide zone of flames along the fence
line.

F3. Fire spread rates vary with fencematerial and design, wind speed, anduel
configuration, including the presence or absence of mulcliFH)

This report provides data on a variety of fence and Imulaterials, designs, and
configurations

F4. Spot fires due to firebrands may ignite within a few minuteseven over a
distance of 47.6n (156 ft) or more from the burning item, and may continue to
ignite long after the initial flaming combustion has subsided (FH)

Firebrands capable of igniting spot fires downwind were generated by nearly all
combinations of fence and mulch tested in this stAdlywood fences with mulch at the base
caused spot fires in the target mulch #&ylot fires were ofterghited within a few minutes

of mulch and fence ignitiorShredded hardwood mulch and pine bark mulch dxliand
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emittedfirebrands for longer than an holgnition of spot fires was also demonstrated from
firebrands transported by the wind over distarasetar as 47.6 m (156 ft) from thearning
item under high wind conditiorend over a paved surfadéie wind field may deposit
firebrands close to the wall of the structufea home is undefended during a WUI fard

not properly hardenedhese firebandsmaypose a serious threat to the home.

F5. A standard test method is needed to evaluate the fire characteristics of fences.
(1C)

A standard test method is needed to assess the fire performance of fences. The method should
consider not onlynaterials but assemblies and be carried out in a vertical orientation. It

should be able to distinguish the fire behavior of various materials, includingplastc

composites, wood, and vinyl, and designs, including privacy, lattice, and good neighbor.

Very High Fire Hazard Configurations

Certain fence and mulch combinatiomsre found to result in rapid fire spread and large

fl ames. Il n a region subject to WUI fires ité
possible. Standard tests used to evalthadire characteristics of fences should be
developedlllustrations of the fire behavior &fery High Hazard fencend mulch

configurationsare shown irFig. ES2.

The fire behavior of configurations of fences and mulch identified in this study ag{ifgry
Hazard supported the following findings:

F6. Rapid fire growth and large flames were found for parallel fences and one type
of wood-plastic composite fece (FH)

Parallel wood privacy fenceanddouble wood lattice fencegere engulfed in flames
within a few minutes of ignitiorRadiative exchange between the parallel burning
surfaces and convection of the hot gases trapped in the bounded space caused rapid
intensification of combustion and eruptive fire behaviolarge fire occurred even

when wood privacy fences were separdtg®lcm (3 ft).A parallel fence

configuration can arise when neighbors erect fences along both sides of a property
line.

For awestern redcedgprivacy fence next to a pine lattice fenite fire behavior
depended on spacing. Rapid fire growth and sedtames were found for a spacing

of 31 cm (12n). The char patterns on each fence were similar to those for the fences
individually when the spacing between them was 46 cm (18 in).

Limited testingindicates that ignition of certainvoodplastic compose fencescan

result in high intensity fire behavidFor one of the two types tested, the fence burned
intensely, with large flames extending above the fence. The warped frame allowed
vertical boards 1.8 m (6 ft) tall to fall to both sidesatng a3.7m (12ft) wide zone

of flamesthat could block egress and threaten property

F7. Good neighbor fences serve as a ladder fuel to carry flames from the ground to
the top of the fence(FH)

Forgood neighbor fencest low wind speed, the flames reached theofidjhe fence
downwind from the ignition point. This is due to radiative and convective heat
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transfer between the boards connected to alternating sides of the stringer, the same
mechanisms that caused rapid flame growth between parallel fences. At higther wi
speeds the maximum height of the fire stayed below the center stringer of the fence

F8. Rubber mulch generates large flames initially and when disturbed FH)

Rubber mulchburned withblack smoke anthrge initial flamesfollowed bya long
period ofsporadic flaming as @p layer of crumby solid reside slowed the flow of
oxygento the unburneduel beneath Disturbing tle mulch bed renewetie flaming
as the unburned fuel was exposed to air

Fig. ES.2. Examples of Very High Hazard fences and mulch: a) parallel privacy fences, b) double
lattice fences, c¢) wood-plastic composite #1 fence, d) good neighbor fence, e) rubber mulch.

High Fire Hazard Configurations. Many fence and mulch combinatioeghibited fire

behavior in the medium hazard range, supporting fire spread and generating firebrands but
not progressing to full involvement with large flames. This section describes the behavior of
someconfigurations that fainto this categorylllustrations of the fire behavior of High

Hazard fences and mulch are showirim ES3.

The fire behavior of configurations tgdnces and mulch identified in this study as High
Hazard supported the following findings:
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F9.

F10.

A fence with mulch at its base transports fire through the community and
provides a steady source of firebrands to ignite combustible material downwind.
(FH)

Wood pivacy or lattice fences combined with muedremore hazardous than either

the fence or the mulch bed separat@lgding fine combustible materials to the base

of a fence promoted fire spread along the base of the fence, allowing the combination
of fenceand mulch to act as a wick transporting fire along the entire length of the
fence. With ignition at the base of the fence, flames remained below half of the fence
height. In every casé@irebrands ignitd spot fires in the target mulch hed

Stringers slowed the upward fire spread in these experiments by limiting the flame
height on one side of the fence. In a WUI fire, however, they could provide locations
for firebrands to lodge and ignite new fires on the fence.

The flame spread rate in therizontal direction was similar for all wood fences,
including privacy, lattice, and good neighbor fences. Away from the wind field near
the structure, the fire spread fraheignition point to the end of th&inglefence
panelwas2 min to 5min for high and medium wind speeds and 7 min tori2 for

low wind speeds.

For one type ofvoodcomposite fencehe fire remained below the halfway point of
the fence heightlorizontal boards fell out of the frame and burned in line with the
fence.

Lifting a ferce 15 cm (6 in) above shredded hardwood mulch decoupled the burning
behavior of the fence from the mulch between posts. This conclusion may not hold
for mulches that burwith higher flames, such as pine straw or rubber mulch. The
benefits of raising theehce above the mulch may not be realized if a barrier is placed
between them to keep wildlife out or pets in. Combustible debris such as leaves or
needles that collect along the barrier will reduce the advantages of this design in a
fire.

Fire spreads easy across the fine overlapping particulates of a mulch bed. The
fire intensity, rate of fire spread, production and size of firebrands depend on
the material properties and physical characteristics of the mulch. (FH)

Rubber mulctburned withblack smoke athlarge flameinitially and when disturbed.
See description under Very High Hazard.

Pine straw mulctburned rapidly with high intensity itself, the pine straw mulch

was consumed without igniting spot fires. However, embedded combustible objects
were easily ignited by the intense flames. When combined with a western redcedar
privacy fence, the fire in the pine straw mulch ignited timedequickly and spread to
the end of the panel within one minute. The burning wood fence then generated
firebrands capable of igniting spot fires.

The fire spread behavior insAredded hardwood muldedwas affected by the flow
field, ignition of spot ires downwind, and the geometry of the mulch bed and
structure Fire progressed ihardwoodmulch beds through both continuous flame
spread and firebrand spottingpot firesallowedthe fire to jump in the direction of
the wind.
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Fire spread more slowlyer themini pine bark mulclhan over the shredded

hardwood mulch, often taking at least twice as long to reach the end of the mulch bed.
This likely results from the difference in texttiréghe chunks of mini pine bark mulch

do not ignite as easily asettiong, thin particles that characterize the shredded
hardwood mulch.

F11. More information is needed on the fire behavior of a combustible fence next to
an auxiliary structure. (IC)

A WRC privacy fence separated from a noncombustible cement lmp&dcm

(12in) resulted in a char pattern similar to that of a single panel WRC privacy fence,
with flame spread about three times fagter. a spacing of 46 cm (18 in), the fire
behavior wa less intense for a WRC privacy fence in combination with either a
cement board or a vinyl privacy fence, as compared to a single panel WRC fence. The
char pattern remained below the bottom stringed the flame spread was at the

same rate or slower

Fig. ES.3. Examples of High Hazard fence and mulch configurations: a) western redcedar (WRC)
privacy fence with pine straw mulch, b) redwood lattice fence with shredded hardwood (HW) mulch,
¢) wood-plastic composite #2 fence with HW mulch, d) WRC privacy fence parallel to vinyl privacy
fence, e) HW mulch f) pine straw mulch.

Medium Fire Hazard Configurations: Some fences and mulch experiments demonstrated
very slow fire spread without flaming alitlle or no generation of firebranddlustrations of
the fire behavior oMediumHazard fences and mulch are shawikig. ES4.
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The fire behavior of configrations of fences and mulch identified in this study as Medium
Hazard supported the following findings:

Without nearby fine combustible materials, the fire spread over a single combustible fence is
slow and dominated by glowing combustion. (HR)

The fire pread over wood fences in the absence of fine combustibles was generally
slow and dominated hylowing combustion witloccasional small flamesVood

fences produced large firebrands from pieces of the fence breaking off and small
firebrands from glowing anbustion.However, spotting in the target mulch bed was
rare in these experimentsshould be noted that it may be difficult to keep a wood
fence sufficiently clear of fine combustible materials to achieve the-gtowth fire
behavior. Windblown debrisuch as leaves and pine needles may accunhéédee
andduring a WUI event.

F12. Fence and groundcovers with added or inherent fire resistance reduce the flame
spread rate and the hazard due to flames and firebrands. (HR)

Vinyl privacy fencedid not supporsignificant burning under the tested wind
conditions.With mulch at its base, vinyl privacy fences, including panel, bottom
frame, andence post, blackened and distorted along the entire length of the fence.
Distortion allowed the boards to fall out bietbottom framelNo firebrands were
generated.

The single type oértificial turf tested in this studywith synthetic fibers made from
polypropylene with a uretharmated backingyas difficult to ignite and exhibited
slow flame spread

Fig. ES.4. Examples of Medium Hazard fences and mulch: a) western redcedar privacy fence without
mulch, b) redwood lattice fence without mulch, c) vinyl privacy fence with shredded hardwood mulch,
d) artificial turf.

10
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Low Fire Hazard Configurations. Although fences made of noncombustible materials such
as stone, brick, or steel were not included in this study, they can be classified as low fire
hazard.They do not burn on their own and have been shown to provide protection against
radiant heat. However, any fence can trap and accumulate windblown debris along their
length. If not removed, combustible materials at the base of even nhoncombustible fences
could potentiallyallow fire to spread.

F13. Noncombustible fences free of leaf litter and other combustible debris will not
spread fire. (HR)

Maintenance is required to reduce tleewanulationof fine combustible materials along a
fence. This minimizes th@mour of windblown debris such dsavesand pine needlahat
can igniteduring a WUI event.

PRIMARY RECOMMENDATIONS

The following recommendations for members of a residential community are intended to
address both ember and fire (radiatioonvection and direct flame contgo¢xposure

hazards generated by combustible fences. Although the recommendations are intended
primarily for moderate to very high hazard WUI locations, they are expected to reduce local
fire hazards in any community.

Formore detailed recommendations on spacings of combustible elements and hardening of
structures and parcels, refer to the WUI Structure/Parcel/Community Fire Hazard Mitigation
Methodology report.

R1. Avoid parallel fences to reduce exposure to large flamed$arallel fences can result
in highly hazardous fuel accumulation corridors that are difficult to access and
maintain. Spacing of 0.9 m (3 ft) between fences is not sufficient.

R2. Avoid combustible fences where they can ingzt egress, to protect life safety.

R3. Avoid proximity to other combustible fuels, to reduce fire intensity and limit fire
spread.This includes fuels above the fence and fuels across parcel boundaries. Avoid
mulch at base of fence.

R4. Avoid proximity of combustible fences to residence, including neighboring
residence, to prevent direct ignition.The relationship between spacing and structure
to prevent structure ignition is a function of structure construction matagsésnbly
and fence materidldesign.

R5. Replace combustible landscape features with noncombustible or low fire hazard
features when possibleFrire spread is more likely with wood and wepldstic
composite fences than witences made ofinyl or noncombustiblenaterialssuch as
stone, brick, or stée

R6. Keep fence and yard clear of debristo reduce the amount of fuel and potential
pathways for fire.

A Maranghi des, E. Link, S. Hawks, J. Mc Dougal d, S. Quzmmdl! es,

D.

C

Mitigation Methodol ogy, o NIST Technical Note 2205, National I nsti
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R7. Harden structures against firebrands to prevent structure ignition from embers
produced by fences or other combustible sources

RECOMMENDATIONS FOR FUTURE WORK

More research is needed to determine the vulnerabilities of structures to fence fires relative to
fence types and materials, the proximity and connection of the fence to the structure, and the
design and exterior materialéthe structure itself. Once the vulnerabilities are better
understood, mitigation techniques such as material treatments and coatings can be explored
beyond the simple solutions of increased separation and replacement of materials with
noncombustible opins.

S1. Study the effects on fire behavior of closely spaced parallel wall surfaces in
communities.

Thesame radiation exchange and convective transport of hot gases between burning parallel
surfaces that led to eruptive behavior for parallel wood fencegatentially result in highly
hazardous situations for other closely spaced parallel surfacksling residence#\s one
approach, the Structure Separation Experiments project afRikS@ddressing the question

of how far apart residences shouldftmen other nearby structures.

S2. Continue to study thefire behavior of landscape featuresind potential
mitigation methods.

There are many combustible landscape features that may contribute to fire hazards in a parcel
or community Work is ongoing at NIST tanderstand the interactions of fires on woodpiles,
landscape timbersreosotereated timberand sheds. The work will include strategies for
mitigation. Together, these studies will inform existing and new codes and standards with
guantitative fire sprad mitigation and structure protection strategies based on experimental
data.

S3. Improve data collection methods.

The range of fire behaviors found for a variety of materials, designs, and configurations
suggests improvements in data collection methioatswould be useful for future targeted
studies. For fence and mulch configurations resulting in large flames and very high hazard
conditions, the radiative and convective heat flux received at vulnerable locations could be
evaluated by heat flux sensausd/or infrared (IR) imaging. Firebrand fluxes, sizes, and
energy content could be assessed in future studies by new measurement technology,
including a threadimensional firebrand tracking system under development at NIST.

S4. Use fire modeling to better undestand the physics behind the fire behavior.

Modeling can be used to extend the understanding from this study to other configurations of
fences, mulch beds, structures, and other fuels, in order to identify other high hazard

2 A. Maranghides, S. Nazare, E. Link, K. Prasad, M. Hoehler, M. Bundy, S. Hawks, F. Bigelow, W. Mell, A. Bova, D. McNamara, T.

Mi |l ac, D. Gor ham, F. Hedayati, B. Ray mer , F. Frieval estRAmd oW. Wal t
NIST TN 2161, National Institute of Standards and Technology, Gaithersburg, MD, 2021.

3 A. Maranghides, S. Nazare, E. Link, M. Bundy, A. Chernovsky, E. Johnsson, K. Butler, S. Hawks, F. Bigelow, W. Mell, B. Bova,

McNamara, T. Milac, D. Gorham,FeHd ay at i , B. Ray mer , F. Frievalt and W. Walton, NI
(NOSSE): Preliminary Test Plan, o NIST TN 2199, National I nstitute
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configurations. The results this report may be helpful in validating a physizsed fire
model, including:

Fire behavior of fences as a function of material properties and design.

Fire behavior of parallel fences compared to single fences.

Dependencen parallel fence spacing fonte at which flames engulf the fences.

Dependence of fire behavior on parallel fence length, including the spacing for which
a second panel length results in explosive fire growth, and the time for fire to spread
down a long fen

Char patterns for wood prieg fences, both individually and in parallel with
combustible and noncombustible fences and walls.

S5. Developfire test(s) for evaluating fences and fence materials that represent the
actual fire hazard.

A standard test method is needed to assess the fimmance of fenceS.he method should
consider not only materials but assemblies and be carried out in a vertical orientation. It
should be able to distinguish the fire behavior of various materials, includingplastc
composites, wood, and vinyl, addsigns, including privacy, lattice, and good neighbor.

13
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1. Introduction

Thetrees, grass, brush, and organic debris that make up wildland vegetation are not the only
source of fuel fowildland-urban interface (WUIjires. Oncesucha firereaches

commurity, its structures and landscape featuadd to and may come to dominate the fire
sources, magnifying the ris€ombustible elements in a neighborhood rtrapsformfrom

being thetargets of flames and emberdite sourceshemselveshat threatersurrounding
properties and the people who live thétew and where we build, then, affects the

progression of a WUI fire.

The National Institute of Standards and Technology (NISWpiking to assess fire hazasd

in our built environment ahto develop mitigation methodology to hardeagainst ember

and fameexposures. This report on fences and mblglds on a growing body of NIST

research studying fire behavior and how the materials, designs, and configurations present in
a community mfluence a WUI fire.

1.1. Motivation

The wildlandurban interface refers to areas where houseadjaeento or intermixed with
wildland vegetationThe regions where the WUI overlaps with high risk of wildland fires
due to fuel, weather, terrain, and sourcegnition are where theseildland firespose the
greatest risk téives and propertyEffective methodsare needeah these area®r protecting
people homesand communities from wildfires

A large and growing number of people live in Wageasn the United States. In 2010, the

WUI covered 9.5 % of the total area of the conterminous &h& contained 48illion

homes (about 1 in every 3) shelteringrflion people or 32 % of the U.S. paoation[1].

This represented an increase38f% in land areand41 % in the number of homegce

1990, duealmost exclusively to construction of new houses in or close to wildland
vegetatior{1]. Residents are attracted to the WUI due to the closeness to natural settings and
amenities and to the relative affordability of housing farther from urban centers.
Demographic forces, including retirement, population growth, and population shifts, are
expected to continue expanding the WUI in the UZJ.

Residence in the WUI does not in itself put one at risk from WUI fires. Wildfires threaten
communities where the WUI intersects with areas where there is a significantwistfioé
ignition and spreadA fire can also ignite in wildland areas surrounded by a community, then
rapidly grow to put one or more communities at rBkought, wind, terrain, vegetation type

and health, and the presence of ignition sources conttibtite probability of development

of WUI fires. Conditions for wildfires are expected to worsen as climate change continues to
enhance fuel abundance and drought condif@hslumans have greatly expanded both the
spatial range of wildfires and the length of the fire seasow,accounting for 84 % ahe

total number ofvildfires [4]. Balch et al. developedmaap of fire risk for populated places

by combining population densities withldgfire risk [5]. The map shows that high and

medium WUI fire risk areas are scattered across the ldcBudingNew JerseyKentucky,
Tennessee, Florida, and the south Atlantic Seaboard in addition to midwestern and western
states such as Texas and California.

14
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WUI fires canoccur when wildland fires cannot be controlled, often due to extreme wind and
fuel conditions, and spread into communiti@sch fires have caused significant losses to life
and property in the U.S., Canadad other parts of the world including Australia and
Mediterranean Europe. The costs have increased in time; of the 20 most destructive fires in
California historymore tharhalf occurredsince 20176]. At the top ofthis list is the Camp

Fire of November 2018whichresulted in85 fatalitiesanddestroyed over 1800 structures
including 90 % of the homes in Paradise, TAe Camp Fire wasne ofthe costliest natural
disastes of 2018, withan overall loss d$16.5billion as estimated by multinational

insurance company Munich Rg. The second most destructive for the same listasthe
Tubbs Fire in Sonoma Counity October 201,7which resulted in 22 deaths and over 5 000
structureslestroyedResearch is urgently needed to better understand WLAHtfueture
interactions and to support changes to building and community designs and codes in order to
mitigate the increasing losses from the growing number of WUI fire incidents.

NIST has carried out studies on several WUI fires, inclutie®009 Witch Creek Fire in
California[8, 9], the2011 Tanglewood Complex Fire near Amarill@xas[10, 11] and the
2012Waldo Canyon Firén Colorado[12]. NIST is currently studying emergency
communications durinthe Chimney Tops 2 Fineear Gatlinburg, Tennessee, whisled
14 people and destroyed or damaged 2 500 structures in Novembgi 2DT®e NIST
Camp Fire WUI case studg ¢urrentlyongoing with the Canp Firefire progression
timelinealreadypublisked[14]. Thecurrent focusof the multiyear case studg on
notification, evacuation andtemporaryrefugeareas(NETRA), and he final major report
will focus onrespondegctions andstructuresurvivability.

Fences and mulch have been identified@amoncontributors to the spread of WUI fires

within communitiesin the Tanglewood Complex Fireyer 2.4 km ofences were found to

be damaged or destroyedthin a community of7 resdential structures (in which 17 homes
were destroyed and 4 were damadé@). Instances of fires spreading to structures along
fences were observed in the Witch Creek Bteand thewWaldo Canyon Fir¢l2]. Figurel

shows the progress of a fire from a wood privacy fence to a structure during the 2018 Camp
Fire in California.Figure2 shows a length of fendmurningin the same fire. Because of their
linear nature, it is possible for fences to spread fire over long distand¢bs.Waldo Canyon

Fire and many others, firefighters removed fences as part of their defensive strategy aimed at
containing the firg12], as shown irrig. 3, reducing resources allocateddioect structure
protection Mulch and other groundcovers also provideatmuous pathway fdire. A

report on 21 structures that were damaged by burning wildland vegetation in Virginia over a
two-year period found that the fire spread to most structuresdansof leaf and tree litter
thatcoveedthe ground with a thickneetween 8 cm and 13 ¢a®b].
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Fig. 1. Fence burning in Magalia, California during Camp Fire, 8 November 2018. Photographs taken
two minutes apart. CAL FIRE, used by permission.

Fig. 2. Fence burning during Camp Fire as viewed from an ambulance. American Medical Response
(AMR) 7 Shasta County, used by permission.
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Fig. 3. Ignited wood fencing in Waldo Canyon Fire in Colorado, 2012. Photo from Colorado Springs
Fire Department, used by permission.

Fences, mulchand other combustible landscaping elements can act apduettitial ignition
sitesfrom existing fireqtargetslandsources of firsprea themselvesrhese materials can
be ignited by a fire through direct flame contact, radiatb@mvectionor firebrands
Firebrandsalso referred to as embegse carried by the wind and may ignite combustible
materials in a community far dowmd of the fire front.Once ignitedfences and mulch
may ignite nearby objectscluding a homethrough direct flame contaot firebrands.

The protection of people and property in the WUI depends in part on improvements to
building and landscapmaterials design and maintenance practices. Efforts to improve
community resistance to fire includ&/Ul building code organizations, suchths
International Code Council@C), the National Fire Protection Association (NFPaNd the
California State Fire Maisal Chapter7A WUI Task Groupand voluntary fire outreach
programssuch as Firewise, Fire Adapted Communities, and the Fire Learning Network.
Conceptdike defensive space and the home ignition zesecate the public on how
protect their home®Recettly, a fire hazard mitigation methodologys been developed
based on the relationships among fuel layout, fire hazard, and structure haftiéhing

For maximum effectiveness, these effagquiresciencebased data and guidantecreased
understanding of the vulnerabilities of structures in WUl communities and the potential
pathways for flames arfdtebrand will help toenhance life safety and improve

community resistance to these firébe hazard may be reduced througipiovementsn
materials, designs, and configurasoHomeowners and community planners can recognize
ways in which neighbors can work together to reduce the fire ti@®akgies may be
developedor bothexisting communitieandnew construction
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The goal of this work is to improve our understanding of the mechanisms by fehoss
andmulchcan transport fire to a homBetter understanding ofi¢ role ofthesefeatures as
conduis of fire spread to strtieres identification of particularly hazardous configurations,
anddeterminatiorof effective hazard mitigatioapproachepromoteefforts toprotect
againstgnition and fire spreadelping fire department$o identify very high hazard
situatiors will enhance first responder safety and effectiverigss results of this work will
be used to improve codes and standardio provide guidance to homeowngc®mmunity
designersand frst respndes.

1.2. Background

WU fires ignite the exteriors of structures through flame radiatimhconvectiondirect
flame impingementand firebrands. In contrast to tlaege body of knowledge dgnition
andfire growthwithin buildings reflecing decades dfire research,ite complexities of the
interactions betweethe built environment anelxteriorfire exposue are in the early stages
of exploration Our understandingf WUI fire behavions confounded by the large number
of potential fire and firebrandkposure scenaripghe wide variety of WUI fuelsvggetative
and structural)and theextensive assortmeant exterior construton materials and
assembliesThe research presented in this report joins other effoltstter understand
structurevulnerabilities tdfires on nearbyences and mulch beds.

1.2.1. Structure Vulnerabilities

Fire may ignite a structure throughhmerougpathwaysAt close rangeexposed combustible
materials may ignite through radiatioonvectionor direct flame contactgnitions may also
occur through firebrand3 heseburning particles break off from a larger object in a fire and
are blown or lofted to a new location, where they can ignite spotfirefrands may ignite
susceptible parts of the building exterior and mayep@te into interior spaces through
vulnerable openings in the building envelope. object ignited bylames orfirebrands may
itself become dire source of firebrandand additional radiatioand flameexposures to
surrounding fuels (targets)

1.2.2. Fence Studies

Fences are a linear landscaping featdreences frequently Al inko mul
fence connects to an adjacent ferit¢hey arecombustible theymay provide a linear path

for fire from one end of the fence to the othEtey may also produce firebrands capable of

igniting spot fires downwind. Several studies have looked at how fences may ignite in a WUI

fire and how the fire may behave.

The fire performance of commercial fencing systems in common use in Australia was studied
by CSIRO[17]. A bushfire flame front simulator was constructed using a grid of liquid
propane burnersiardwood and treated pine fences were expp¢sa range of bushfire
exposurestrom burning leaf littetthrough structural firelgnition and fire behavior were

studied under ambient wind conditions of approximately 5 km/h to 8 km/h (1.4 m/s to
2.2ml/s, or 3mi/h to 5 mi/h).Whenburningleaf litter wasdistributed along the base and rails

of treated pine fence#e fire spread slowliaterallyalong the fencing, eventually causing
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collapse Hardwood fencegyellow stringybark eucalyptus and southern mahogessi¥ted
ignition by leaf litter andadiative heat exposure typical of an approaching bushfire. They
ignited under flame immersion from a propane burner but did not support lateral flame
spreadunder the conditions testdd cone calorimeter studies, the surface moisture content
was found tadetermine fire behavior mothan average moisture contestiggesting that
weather conditions on the day of the fire will have a significant impact. Sample conditioning
at a lower temperature and higher relative humidity (RH) led to longer ignition. times

The CSIRO study17] found that mncombustiblgre-painted and metallicoated sheet steel
fencesprovided significant protection against radiant hpeg¢venting combustible items near
the fencing from ignitingnd reducindhe radiant heat exposure on a nearby struc&eps
between boards ofandwood and treated pine feneceduced their ability to shield radiant
heat,andthe barrier failed completely when fendrgnedthrough or collapsk

A study of the ignition of fences and wood shields by a grasglBjeshowed that fences
with narrow gaps between spruseardsignited, while those withvidely separatetioards

did not This was likely because the fire frattacked the tightly spaced fence for almost
twice as long as the fence with wide gaps. The experiments were carried out in ambient
windsof 1 m/sto 6 m/s (2 nvh to 13 ni/h).

Wood fencing assemblies were exposed to vdnden firebrand showers by NIST

researchers and colleagues at the BRI facilitith\Wo nearby fine fuelghefencing

assemblies experienced smoldering ignition that transitioned to fld&8hd-laming

ignition occurred when shredded hardwood mulch was gechat the base of the fencing
assemblies. A study of double redwood lattice fencing assemblies on mulch beds subjected to
firebrand showers at wind speeds of 4 m/s to 9 m/sif{® tm 20 nih) showed rapid growth

of flames over the entire assemf2Q].

Researchvas carried ouby IBHS on combustible fences in wialliven firebrandshowers
[21]. A Wildfire Research Fact Sheet jointly published by NFPA and IB#2$includes the
following conclusionsprimarily derivedrom the IBHSstudy: (1) noncombustible fencing
should be used where the fence attaches to a building; (2) the area at the base of the fence
should be kept clear of Oas, including fine vegetative fuels and mulch; €¥ence design
that allows for greater air flow makes windblown ember accumulation and lateral flame
spread more difficult, anfiénce ignitions from windblown firebrands are more likely to
occur where weical fencing planks attach to horizontal support memberse(®es built
from lattice attached to both sides of the support posts should be avoided in ipildfiee
areasand(5) vinyl fencing burns when subjected to flaming exposures from burniogsde
and deforms if subjected to radiant h&xnclusion (4) is preliminary result from this
NIST study that will be discussed in detail in Secdoh

A previous NST studyconducted experiments to examine fine spread along privacy
fencesrelative to wind speed and ang#3]. Western redceddfhuja plicata)as the
primary fence materiaglthoughcomparisonsvere madeo California redwood and vinyl
fences The presence of a combustitdger of mulchbeneath the fence was significant; in
these experiments, fidid not spread without mulch. With muldire was found tepread
horizontally along privacy fences as fast as 1.44 m/with, the fastest rate ocaimg when
windswerein line with the fenceAt this angle, mderately high windsf about13.5 m/s
(30mi/h) produced the fastest spread rate, while higher wohdbout18 m/s(40 mi/h
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caused complex competition between susgtdispread and extinguishmexa significant
differences in fire spread rate were found between cedar and redwood fence fires, and wood
preservativeapplied tathe fenceaesulted inqualitatve but not quantitative differences in

burning behaviarThe vinyl fence fire differed substantially from the wood fence fires due to
differences in the fence structure andhemelting belavior of the vinyl when heated.

Downwind mulch targets were fodrio be susceptible to ignition by fence firebramds)
smoldering ignition®ccurringat a distance df8 m(59 ft) from the fence.

In summary, the following findings were obtained:

1) Combustiblemulch beneatlthe privacyfence was necessary for signiftdire
spread.
2) Fire spread was fastest when the wind was in line with the fence (versus 45° and 90°).

3) Winds of 135 m/s 30 mi/h) produced the fastest fire spread @4im/min
(4.7 ft/min).

4) Redwood and western redcedar fire spread rates were not sigtiyfidifferent.
5) A wood preservative did not significantly change fire spread rate.

For these experiments, an airboat propeller was used to gemesatifield thatwasfound

to beuniform horizontally and vertically within 2.5 m/& flow straightener angled
downward by about 9tmproved the distribution of wind at the leading edge of the base of
the fence

1.2.3. Mulch Studies

Combustible landscaping mulch may provide a continuous pathway fowérehe ground
Once ignitedjt may also act aa source of firebrandSeveral sudies have looked at ignition
and flame spread overulchmaterials.

In a wind field, nulch is easily ignited by single flaming firebrands and multiple glowing
firebrandg24]. Firebrand expementsshowed thasmoldering ignition by firebrands always
transitioned to flamingn shredded hardwood mulch, Japanese Cypress wood chips, and pine
bark nugget$25]. Fora mulch bed adjacent soreentrant corner with orientestrand board

(OSB) walls, the fire propagated to the back side of the assembly in all cases with wind
speeds from 6 m/s to 8 m/s. When vinyl siding was attached, fire propagation showed
dependence on mulch type, vertical separation distance, and wind speed

A study on the ease of ignition of landscaping mulch found differences in the ignition
response thigh-temperature flameg(opane torchefor 15 s) and smoldering sources
(cigarettesjor several combustible mulchg6]. Thirteen types of mulch were spread over
circular test areas at a thickness of 10 cm (4 in) and allowed to weather. The mulch was
exposed to lit cigarettes after settling for two weaksine monthsorto 15 s of propane
torch flame aftesettling forone year. All experiments were performed in mild ambient
temperatures with low winds below 2.2 m/s (5.0 mi/h). Under brief-tagtperature

ignition, the gound rubbemulchconsistently ignited and was hard to extinguish, with
flames spreading rapidly. Pisé&raw ignited and propagated easyhreddedardwood bark
andpine bark nuggetgnited but generally seéxtinguished under the experimental
conditions
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Four landscaping mulches were used to devigspprotocda to measurégnition andflame
spreadbver beds of mulch and forest Iit§@7]. These tests were performed in the absence of
wind. Pine straw mulch readily ignited with a Class C wood crib, the smallest ignition source
studied In the flame spread testnly pinestraw mulch sustained spread to the end of the

test bedBoth the flame spread rate and the flame height decredsadthe mulch depth

was reducech half, from 76 mm to 38 mnPine bark nuggets were reliably ignited by the
ClassB wood crib, while shretkd hardwood and pine bark mulches required Class A wood
cribs, the largest sourcéor these three mulch typesith no wind the flames self
extinguishedshortly after the propane area buroeed for ignitionwas shut off.

A study on the combustibilitgf landscape mulches evaluated flame height, fire spread rate,
and temperature 40.2 cm (4 in) and40.6 cm (6 in) heights for eight mulch typd28].

Mulches were arranged in circular plots w2td m @ ft) diameter and allowed to weather for
79 days. The plots were ignited on a hot dry day, with a fan producing winds o#aboufs

to 6.7 m/s L0 mi/h to 15 mi/f) in the middle of each ploOf the nulchestested shredded
rubber mulchwas rated most hazardous, witie greaest flameheightand temperatures

Pine needles and shredded western redcedar bark were only slightly less hazardous, with fast
rates of flamespread Shredded western redcedarkbproduced embers that ignited mulch in
adjacent bedsviedium pine bark nuggets were moderate in flame height and temperatures,
and the flame spread rate was |l@amposted wood chips were found to be the least
hazardous of the mulch types testeith slow smoldering combustion, low flames that were
rarely seen, and the second lowest temperature readings.

In general, studies that include wind find that fire spreads over combustible mulch, even for
mulch types that tend to sedktinguish without wind.

1.3. Approach

A series offield experiment®nthe fire spread behavior of ignited wood fenaed mulch

have beeronducted by NISTThe experimentexaming the spread of fire along wood
fencesand mulch bed®ward a structure in the presencenirid at variouspeedsThe

ability of firebrands generated by these burning materials to ignite spot fires at the base of the
structurewas observedarly descriptions of this work were presented at conferd@6es

30, 31]

In each otthese experiments, portable, airboattyle fan was used to direct a wind figith

a prescribed speed the direction of a small shed. A fence panalich bed or combination
was positioned between the fan and the shed at a preslodagion, aligned with the wind.
The fence panel or mulch bed was ignited wigr@aneburner at the end near the fan, and
thefire spreaddue to flames, smolderingnd firebrand wasobservedComparing tle fire
behaviorof a fence with and without meh provided insightsinto the contribution to WUI

fire spread made biyne fuels that accumulate at the base of fences, such as,|raedies
and other debris. The small shed was used as a target structure for flame spread and
firebrands For most expements, aarget mulch bewvas placedlong the base of the wat
observespot fire ignitions from firebrands.

Fence types used in the experiments included western redcedar privacy fences, vinyl privacy
fences, California redwood lattice fencpegssurdreatedpine lattice fencesvestern
redcedagood neighbor fences, and wepl&stic composite fenceblulch types included
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shredded hardwood, mini pine bark nuggets, pine saadshredded rubbeExperiments
were also performed aartificial turf.

1.4. Objectives

The overall goal ofhe work described in this reposttoasesshe severity of the fire hazard
that fences and mulch posestructuresThisis accomplishetly studying theate and
mechanisms of fire spreaunlthe presence of winthothasthe fireprogressealongthe fence
or mulch bedandas it jumps via firebrands from the fence or mudellto combustible
materialsat the base of the shéthe main objectives of the experimeats:

1 To observe the bumg behavior ofvind-drivenfires along fences and mulch beds

1 To uncerstand the rate of fire sprealbng fencesnd mulch bedas related to wind
speed;

1 To determine the impact of fenstyle, fencematerial ype,andtype ofmulchon the
fire spread rate

1 To determinavhetherafire along a fence or mulch bedses a potential ignition
danger to an attached or adjacent structumd;

1 To ascertain whether a burning ferastallationor mulch bedproduces significant
firebrand capable of ignitingownwind combustibles

It is anticipated that thiaork will contribute technical knowledge improvecodes and
standards foauxiliary structures antb supporefforts to address the WUI fire problem by
hardening structureand creating defensible spa&e@iture reports will describe tlexparsion

of this studyto fire spread over other home landscape features, including woodpiles, railway
ties, and landscape timbefsdevice to measure firebrand flux and size will provide
guantitative data in the neartfire.Researchs alsoanticipatedo explore methods of
hardening, such as noncombustibbenponents or flashingoatings, and design optiothat
reduce the vulnerability
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2. Experimental Description

To investigate the spread of fire throutjhectflame impingement ofirebrand spotting, a
series obutdoorexperimentsvasperformed on fences and mulch beds arranged in front of a
structure in ggenerateavind field. Figure4 shows a schematic of the experimental setup for
fences and mulch beds. A wind machine, consistirggisoline engine turningZzall m

(83in) propellermounted on a trailer, wairectedtoward a small structure. A flow
straightenewas employed to remove largeale swirl from thesuppliedwind and todirect

the wind downward slightlyoward the groundA fence section, with or without a mulch bed
beneath, was arranged perpendicular tomék of the structur@nd paralleto the wind flow

The fenceandbr mulch bed wreplaced in contact with the wall of the structure or separated
from it by one of thredixed distance. To study theotential forfirebrands tagnite the

structure a taget pan of hardwood mulch wasually positione@t the base of the structure
wall. This mulch bed served as a surrogate for any combustible material nextuctare

The fencemulchbed, or combinatiowasignited with a propane burner to simulatepr
ignition viaone or mordirebrands. Wind was directed at the fence and structure with the
wind aligned with the plane of the feniceall but two caseshree wind speeds were used in
the study, with nominal values of 6 m/s (13 mi/h)ltaw, 10 m/s 22 mi/h) formedium and

14 m/s (31Imi/h) for highwind speed levelsThe fire spread behavof multiple fence

types, materials, and configurationereinvestigated, and several mulch types and
arrangements were tested. The following sections will detail the experimental setup,
equipment, measurementenditions,andthe parameters exploretany of the

uncertainties in the experimental setup and measeints areoveed inAppendix A

‘ Structure ‘

J Flow
Straightener

Mulch
) (as surrogate) \

Fence P LT i
I |
| |
Mulch — I
— —0.4m M dggp— 2.4 M—
— — 107 Mm —— .

Fig. 4. Major components of the experiment (not to scale).

2.1. Research Location and Site Description

The experiments were conducted in Frederick, MD at the Frederick County Public Safety
Training Facility. A large, nearly flat asphalt and concrete area near asugigy pond was
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utilized. The pond and its wall provided a noncombustible background downwiine of
firebrandgenerating experiments. Water for extinguishment was provided through a nearby
hydrant and a diesel pumwhich provided a highpressure source of pond water.

An aerial view of the site is shown fg. 5, marked up with locations of the target shed,
equipmenfconditioningbuilding, and wind machind-or the usual configuratioasshown,
the wind flowwasapplied from the wind machirfeom theSSWdirectionat an angle of
200° = 1°. The longrange firebrad experiments described in Sectbbwereperformed in
a pathway exteretl along the wall next to the pond, with wimgbliedfrom the SSE
direction at an angle o#48° + 0.5°.

Fig. 5. Aerial view of site used for experiments. Google Earth image with NIST overlay.
2.2. Wind Field Generation

2.2.1. Wind Machine

The wind machine used to impose a wind field on the target strecstie@vn in the
foreground ofFig. 6, was assembleand mountedma trailer byAmerican AirboatThe
powerwas provided by a 6.0 Hisplacement, 450 HP rated marine engiité wulti-port
fuel injection.The wind machine utiliz¢Whirlwind PropellersnodelAB300exWT79,
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which hal three quietdesign, graphite composibdades with a width of 33 cm (13 in) ana
sweepdiameter of 2.11 n@83 in). The wind machine incorporat@ high performance

positive dive belt with 2.3:1 reductiolM manu a | Acruise control
and added to the single led@nnaclestyle throttle controin orderto allow maintenance of
selected egine speedsvhich were monitored with built-in tachometer.

Flow
Straightener

Structure

Fig. 6. Photo of test site showing fan, flow straightener and target shed in an experiment on a mulch
bed without a fence.

2.2.2. Flow Straightener

A flow straightener was used to remove lasgale swirl from the supplied wind and adjust
the wind direction. The flow straightener consisted of two framed sections of aluminum
honeycomlwith cells 19 mm (3/4 in) across and 11 cn#(4) thick. The twoframed
sections, each measuring 1.2 m x 2.4 m (4 ft x 8 ft), were stacked as sHeagr6jrwith

the front planef the flow straightener positioned 45 cm (18imjront of the farat the

height of the fan centegince the lowest sweep extent of the wind machine propellemsis 1
above the groundhe column of air moved horizontalby the wind machine by itselfould
notbegin to be felt at the grourfidr a distance o$everal meterd o enablethe generated
wind field to reach the base of any combustible object being tested, such as a fence and/or
mulch bed, withsubstantial velocity, the flow straightener was angled downward by
approximatelyr®.

2.2.3. Velocity Profiles

The wind field from an axial farsuch as the winthachine used in these experiments,
changes witlpositiondownwind [32]. At the outletof anaxial fan the velocity profile shows
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a minimum in the central hub region of the propell&€he profile thensmooths out with

distance from the farAccording to the Air Movement and Control Association International
(AMCA), a uniform véocity profile is achieved at a distance of about 2.5 duct diameters
from the outlet of thedn, for ducted flows with velocities up to 12.7 m/s (28 miffis

provides ggeneral guideline for the minimum distance of the wind machine from the fence or
mulchbedbeing testedrecognizing thathefree outlet condition and thresence of the

flow straightener modify both the distance necessary to obtain a uniform velocity profile and
the radial extent of the high velocity region devind.

Further discusen of the flow fieldis provided in Setion 2.7.1and inAppendix C

2.3. Target Shed

Experiments were classified as Series 1, 2, or 3, depending on the naturérebthed
targetdownwind ofthe fence or mulch being testédtarget shed was used for Series 1 and
Series2 experimentsSeries 1 experiments looked at the possibility of direct ignition of a
combustible shed wall by firebrands. In Series 2 experiments, a mulch bed at the base of the
shed served as a surrogate for combustible materials (such as leaves or pine needles in
addition to mulch) that could ignite and carry a fire to the shed Ballies 3 experiments

were performedavithoutashed, with a mulch bed located far downwind from the test subject
to examine long distance ignition by firebrands.

A shedwith a2.43m (8 ft) squardootprint and a height &.43 m (8 ft) along the front and
rear facegan beseen in the background Big. 6. The shedvas positioned 10.6m (35ft)
away from the plane of thgind machinepropellers An artificial eave was added tbhe shed
on the windward sideextendng 45 cm (18in) outward at the same 30° angle as the roafline
The eave was constructed from standard pressure treatezixgigl@nd1.5 cm (0.59 in)

thick T1-11 weathetresistant southern yellow pine plywood panel siding

A false wall was attached to the shed on the windward side to allow replacement of burned
wall layers without damaging the original shed wall. @kseign of thdalse wallincluded

layers (from the sheautward of 1.6 cm (5/8 in) gypsum board, standardsgtee treated

pine 2x4s (the same type used for the eavéxm (5/8in) gypsum boardandl1.5 cm

(0.59in) thick southern yellow pinplywood panel siding

For Series 1 experiments, a second layer of plywood panel siding was attached to the lower
part d the false wall, a shown irFig. 7 (a), providing a sacrificial layer that was easily
replacedFor Series 2 experiments, James Hardie fiber cement siding was added to the
bottom of thefalsewall, asshown inFig. 7 (b), as a noncombustible laydratprevenedthe

false wall from getting burned and requiring replacemBm. plywood panel siding and

fiber cement sidingvereeachl.22m (4 ft) tall by 2.44 m (8 ft) widewith thicknesses of

1.5cm (0.59 inJand6.4 mm (Y4 ir), respectively

4 The term fA21 40 i sionalkimber, alsoknowa dsdramint lamberi Theecgestions of lumber are referred to by
their nominal size, in this case 2 in by 4 in, but the actual depth and(width e fi d r eferc@tihgandssmaothipg are 3.8 cm by 8.9
cm (1% in by 3 ¥n) [65]. Similarly, 4x4s measure 8.9 cm by 8.9 cm (3 %2 in by 3 %2 in), and 1x6s measure 1.9 cmchy (B4.id by
5%in).
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The falsewall andsiding layeraddedapproximatelyl5 cm to the shed depth, for a final shed
footprintof 2.43m wide by 2.8 m deep. Theerticalgray stripappearing irFig. 7 is ametal
corner bead protecting the edge of the shed.

Fig. 7. Target shed configurations for a) Series 1 and b) Series 2 experiments.

2.4. Mulch Types and Preparation

For each experiment, a pan was placed ogtbend to hold mulch and/or fences and to

collect the burned debris. A mulch bed was often placed under the fence to allow testing of
the effect of the presence of mulch on flame spread and spot fires. The mulch was considered
a surrogate for any fine comstible fuel next to or beneath a fence. Mulch was also tested
alone, without a fence, to explore its fire spread and spotting behavior and differentiate it

from that of mulch combined with fences.

2.4.1. Mulch Pans

To accommodate a bed of mulsltm deeptwo pans were fabricateftom 26 gauge

[0.454mm (0.0179in) thick] galvanied steel shegtEachsteelsheefpan was 87.6 cm

(34.5in) wideand1.83m (6 ft) long with 2.5 cm (1 in) highidewalls. The two pans were
overlapped andonnectedt the wallswith two smallC-clamps for a totalcombinedength

of 3.35m (11ft). When mulch was placed in the pan, it was generally spread at a compressed
depth of 5cm+ 1 cm. The mulch depth was tapered ox@ughlythe outermos20 cm to
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meet thesidewalls ata depth oR.5 cm, andlsotapered toward the front of the pena

depth of 2.5cm. This slight sloping at the edges was dtmdecrease th&tep change from
ground to fultldepth mulch andeduce theeffect of the pan and mulch on the wind field near
the ground.

After a fence was placeat the correct locatiom the pan, théencepanelwas raised to the
prescribedcheight above the grourahdattached to the end post§ as in all but a few cases,
the height above the ground wampthenthe mulch wagheckedo make sur¢hat it barely
contacted the bottom of the fence and was adjusted where necBssanyvind edges of the
mulch pan and the fence pdsitthest from the wind machingere both locedatthe
prescribedseparatiordistance from the shed wall. Since the combination of fence panel and
posts was typicall2.62 m 8.6 ft) or lessin length theexcesgpan length extended upwind
from the leadindence post and included30 cm to 60 cm fegth ofmulch toallow the
observatiorof counterflow flame spread on the mulch upwind of the feApproximately
0.17 n? (6 ft%) of uncompressed mulch was required to fill the mulch bedsHtetlded
hardwood mulctwas compressed by stepping amwiith pressuref up to about 34 kPa

(5 psi), based on the weighhd contact area of the researchers.rébalting densityf the
mulch measuredifter compressiowas253kg/m? (15.8 Ib/ff) + 3 %.

The mulch pans tended to waafter exposure teepeated fires andandlingto dispose of

debris. Two solid steel bavgth dimensions of 10.2 cm x 20.3 cm x 2.5 cnin(4 8in x

1in) wereplaced in the pans toward the outside where they overlapped to keep the pans
compressed to the ground. Two additional métk dimensions of 7.6 cm x 12.7 cm x

2.5cm (3in x 5in x 1 in) were used in thevindwardcorners of the pan to prevent the wind
from lifting the edge off the ground and affecting the wind flow over the bed. During early
experimentslow-profile heavy rocks found at the test site were used for the same functions.

For the experiments dwo fence panelsonnected entb-end threepars wereattached with
clamps for a combined length of about 5.33 m (17.5 ft).

An exception to the use of steel pans under the mulch or fence was made for the experiments
on artificial turf. As a synthetigroundcovethat rolled out like a carpet, artificial turf did not
requirecontainmento hold it in placeNoncombustibl®©urockcement boar¢3], with a

low thermal conductivityf0.18 W/mK) of the same order of magnitude as §&], was

used for these experimeniavo cement boarsimeasuring/ in thick,3 ft wide, and 5t long
werearrangd endto-end, with the artificial turtinrolledon top.Steel bars were used to

keep the artificial turf fronecurling up

2.4.2. Mulch Types

Mulch typesused in these experiments inchaishredded hardwood, mini pine bark nuggets,
pine straw, and shredded rubber. Photographs of these mulclpessatedn Fig. 8.

The predominant mulch ed in these experiments was shredded hardwood, shdvign in

8 (a). The shredded hardwood mulch was procured in 56.6tE) (2ags. Shredded hardwood
mulchwas tested at the full 5 cm depth most of the time, although an abbreviated series of
experiments with 2.6m depth was also conducted to see what effect the depth of
combustiblemulchmight have on flame spread.
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Mini pine bark nugget mulch was also prosdiin 56.6 L (t%) bags. A photograph is
shown inFig. 8 (b).

Pine straw mulch is commonly utilized for landscaping in the U.S. southeastern states.
Multiple needle lengths and quality are available. The pine straw mulch used in these
experiments was slash pine (Pinus Elliottii) with nominal 23 cm (9 in) length needles and of
A-grade quality (low level of nepine-needle debris). The mulch was obtainexhrfrtwo

vendors in South Carolina; the products appeared to be identical. A photograph of the pine
straw mulch is shown iRig. 8 (c). For medium and high wind conditions, a chickare

mesh with 2.5 cm (1 in) openings was used to hold the pine straw mulch down and prevent it
from blowing away prior to burning. This wdsemed a realistic measure given that a typical
pine straw mulch bed installation would stay in place naturally after it had been compressed
and interwoven together due to cyclical exposure to wind and rain. No other mulches were
susceptible to being blonaway in significant quantities.

Fig. 8. Mulch types: a) shredded hardwood mulch, b) mini pine bark nuggets, c) pine straw, and
d) shredded rubber mulch.
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Experiments were also performed ¢mexided rubber mulgishown inFig. 8 (d). No
experiments were performed on this mulch in combination with a fé@hesbrand used was
Rubberific Red Rubber Mulghvhich was purchased in 22.7 L (0.8 thags.

In addition to theabove type®f mulch,two experimentéooked athe fire behavioof a

single variety ofrtificial turf. The synthetic fibersveremade fronpolypropylenewith a
urethanecoated backingThe turf was cut to a width @.91 m (3 ft) £ 8 mnand rolled onto
thecement boardubstratelescribed in the previous sectidiere are a wide variety of
materials and designs for artificial tirthe experimental results for the single type selected
for this study should not be consideastepresentative of the fire behavior for all varieties.

2.4.3. Mulch Conditioning

All natural mulchesused in these experimentgmedried to 6.5 % + 26 moisture content
Threealternativedrying processes wengilized during the studynatural heating and drying
in the suron an outdoor raised mesh platformesh bagglacedon wire shelving ira wood
drying kiln at NIST, and thin layerglacedin an indoor space conditioned to 30 % relative
humidity (RH). A moisture content 08.5 % was selected becausis ibn the order of values
seen in wood in summertime in the American SouthyBgti alow valug yetmore
realisticthan thefar lower moisture content that could have beemeved through
ovendrying.

Mulch moisture content was measured with an Arizona Instruments Computrac MAX 1000
moistureanalyzern(seeFig. 9). After drying, themulch was placeth plastic bins that could
hold between 56.6 L (%) and 113.3 L (4 ) for storage and transpofthe bins were stored
eitherin the conditioned30 % RH)indoor space or in sealed biimsa building at the test

site The dehumidifying equipment at the latter site was unable to reduce the water vapor
content belovwd5 % RH however, \ith sealed bins, large amounts of mulch, and a small
moisture gradient, the moisture content was not expected to change significantly when
moved from 30 % to 35 % relative humidity conditioAschart ofequilibrium moisture
content (EMC) of wood as a function of relative humidity and temperahaws that EMC
ranges from 5.6 % to 6.3 % at 30 % RH and 6.3 % to 7.1 %%t Rbl, for temperatres

from 43.3 °C to-1.1 °C (110 °F to 30F) [35, 36] Thereforea moisture contergstimate of
6.5% + 1 % encompassdhlesets of conditionat both sitesas well aghe effects of
variations in initial drying
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Computrac

Fig. 9. Moisture analyzer used for measuring moisture content of mulch.

The rubber mulch was not carefully conditioned. Each 28 L b#ig was emptied into two
large bins such thalhe depth of mulch was about 10 cm (4 in). These were only stored in the
conditioned environment for about one dsy some residual moisture remained in the

mulch.

2.4.4. Target Mulch Bed

To studywhether the fence or mulch bed being tested was capable oatiegdirebrands
that couldthreaten atructurethrough spot firesmany experiments includedtargetbedof
shreddedhardwood mulclplaced along the base of the shed wadlshown ifrig. 10. These
experiments were classified as Series 2 experimé€hestarget mulch bed w&s46m

(18in) wideand2.44 m (8 ft)long. Two steel pans, each 1.37 m (4.5 ft) long, were
overlapped intie middle to create the 2.44 m total lengthe pans had 2.5 cm (1 in) walls
on the far ends amoh the back edgiatabutted the shed wall.
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Fig. 10. Target mulch bed and digital timer.

The target mulch bed served asuarogate for any combustible material next to a structure.
Because of its rough texture, any firebrands landing on this surface tended to stay in place.
Shredded hardwood mulch was selected as a conservativecasestor combustibles near

the structuredry, consisting of easily ignited small pieces, and comprised of innumerable
crevices in which firebrands could lodge. The mulch was conditioned to 6.5% + 1

moisture contents described in Ston 2.4.3

The mulch bed was prepared by filling the pans with an even layer of mulch and compressing
the mulchby foot, as described in Secti@¥.1 The target mulch bed was 2.5 cm thick, with

the first 3 cm of the leading edge slightly tapered down to about 1.5 cm thick to decrease the
severity of the abrupt change in height from the ground and toe¢deciumber of sliding
firebrands that were caught at the front edge of the bed.

2.5. Fence Types, Materials, and Preparation

2.5.1. Privacy Fences

An informal survey of southern California and northern Texas fence companiesmed

for the previous NIST fence stuf®3] foundthat privacy fences are the most common type
constructed in those ared@svariety of top stylesire used (e.gcap, dogear, lattice). The
simplest style privacy fence (plain flat top) was selected for that initial series of experiments
as well agor this more indepth investigationThe survey also found thatestern redcedar,
California redwoodand vinyl were the most commdencematerias, leading to the

selection of those materidisr the preliminary study. Since redwood amesternredcedar
displayedvery similar fire behavior, #hcurrentseries of experiments focused on western
redcedarA photo ofa western redcedar privatgnce is shown ifrig. 11 (a).
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Fig. 11. Fence types: a) western redcedar privacy, b) aged privacy, c) vinyl privacy, d) redwood
lattice, e) pressure treated pine lattice, f) western redcedar good neighbor, g) wood-plastic
composite #1, and h) wood-plastic composite #2.

The western redced@VRC) privacy fencgpanesin this studywere maderimarily with
vertical board®f 1x6 lumber, measurinh9 cm (3/4in) thick, 14.0cm (5.5in) wide, and
1.83m (6 ft)tall. These boards were chosen because their usage appears to be more
predominant than the narrower 1x4 boards, whose width &8(3.5in). The density of the
wood boards was 360 kgfm

The fencepanelsvere manufactured locally by two fence construction companies
maintain commercial standards and consistewith overall dimensionf 2.44 m (8 ft)
long by 1.8 m (6 ft) tall To achieve the 2.44 m length, sixtelerb boards and twa x4
boards were arranged side by sitlee boards were nailed toree2x4 horizontal stringers
or rails made of pressure treated pinghwrosssectional dimension3.8 cm (1.5 in) thick
by 8.9 cm (3.5 in) high anddensity of 930 kg/rh The bottom stringer was attached 21 cm
(8.25 in) above the ground, the top stringer was attached either flush with the top of the fence
(for testsA-48throughA-91) or 21 cm (8.25 in) belowhe top and the middle stringer was
attachednidway between top and bottom string&Spacing between the vertical boards
varied from Imm (0.04 in) tc6 mm (024 in) and averaged.5 mm (0.4 in). Uncertainties
for the dimensions of fence components and the assembled fertecassd in
AppendixA.1.
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In order to evalate the effects of age on fire spread on a western redcedar privacy fence, four
fences were recovered from a dump in Colorado Springs by the Colorado Springs Fire
Department. All four panels were from the same fence assemibighwas estimatetb be

well overtenyears oldThe type of wood was not determinazhclusively, butvestern

redcedais a common fence material in the area, and the fence appearance was consistent
with this type of wood after weatheringue to broken or damaged boards, the fieficient

fence panels were combined into three complete ones. The fences also included weathered
pressure treated pirZx4s. Much of the wood had signs of @t and was relatively fragile
compared to neviences The aged fence panels were 2.34 mif92ong as compared to

2.44 mm (8 ft) for the new WRC panels; otherwise, the dimensions were identical.

Figurell (b) shows a photo of one of the dg®ivacy fences as\tas ignited.

A few experimentsvere performed opolyvinyl chloride(PVC) privacy fencescommonly
referred to as vinyl fencebinlike the wood fencesjwl panels were provided with their

own vinyl postsThe total lengttof thesetest subjectecluding postavas 2.4k m (8ft). As
shownin Fig. 11 (c), vinyl fence assemblies consisted of the two end posts with two
horizontal rails flush with the top and bottom. The rails had continuous slots to hold the ends
of the inserted vertical boards. The vertical sections nested with each othartentjue and
groove design

2.5.2. Lattice Fences

A seconaype of fence investigated was the diagonal lattice feRbetos inFig. 11 (d)

and(e) show redwood angressure tratedpine diagonal lattice fences, respectivélgttice

fence panels wereacluded in this studgs an example of a decorative fence type often used
to border gardens or patios. Redwood was the material used for most of the lattice
experiments. The dimeiosis of the diagonal lattice wood slats were 3.8 cm (1.5 in) wide and
7.9 mm (5/16) in thick. The diagonally crossed slats produced diamonds that were 7.0 cm
(2.75 in) across. The size of a lattice panel wa2 mZ4ft) highby 2.44 m (8 ft) long,
makingthem0.609 m (Zt) shorterin heightthan the privacy fences.

Lattice fences required two horizontal stringers or rails for strength. The material for these
boards was interiduntreatedpine, with the sameansverselimensions as the privacy
fencestringes (nominal 2x4 lumberput oriented with the wider dimension horizontal to the
ground as shown iRig. 11. Thestringers were cut to a length of 2.34 m (92 in) to allow the
2.44 m (8 ft) long lattice panel to overlap the posts by 5 cm (2 in) at eitheFlamstringers
were located®.9cm (3.5 in) from the bottonof the fence panelnd21.6cm @8.5in) from the

top.

Pressure treated pine lattitences were¢ested as a comparison with the more expensive
redwood which is more readily available near the U.S. west coast. The pine lattice wood was
slightly thinner at 6.4nm (1/4 in) thick soanydifferences irfire perfamancecouldbedue

to massas well agnaterial.

2.5.3. Good Neighbor Fences

Good neighbor fenceme fences that look the same from both sides of the fence, sothat
nei ghbors see the f i niTheged neighfibprifeacesuyged is thid e 0
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study,shown inFig. 11 (f), also go by the name boamfh+board. They areharacterized by
boardsthat areattachedo alternating sides of the horizontal strirgy@lowing neighbors to
enjoybothprivacy and andenticalappearanceDue to the interestinfire behaviorfound for
double lattice fences and parallel privacy fendes¢ribedn Sedion 4.4), the good

neighbor style privacy fence was investigated for three experiments. déntveipaed that

this fencemight exhibit a hybrid of the fire behaviors sihgle and parallel privacy fences
since the boardare inviewofe a ¢ h o t hfcr radiasive heat cransfealthough at an
angle This fence style used the same western redcedar boards as describestdmdtirel
privacy fencan Sedion 2.5.], but the vertical boards were mounted on alternating sides of
the horizontal stringers or rails. The good neighbor fence tiieesame type, arrangement,
and spacing of horizontal stringers as used for the privacy fences. On each side of the fence,
boards alternated with 8.9 cm (3.5 in) width spaces, and each board faced a space on the
opposite side of the fence. This spaciygjdally resulted itenvertical boards on one side
andelevenon the other.

2.5.4. Wood-Plastic Composite Fences

Two wood-plastic composite fensaveretested in this studyBoth fencesveredesigred to
look the same on both sides of the fence, similar todlod geighbor fence.

In the caseof WPCJ, shown inFig. 11(g), theextruded composite boards were designed to
interlink, leaving no gaps between boartise assemblprimariy consisted of top and

bottom rails holding the interlinked vertical boards. The vertical boards, made of 5.6 mm
(7/32 in) thick composite, stood the slot running along the entire length of the bottom rail
made of 2.5 mm (0.1 in) thick aluminum, which wascib (6 in) tall and wrapped with

5.6mm (7/32 in) thick composite rail covers. The tops of the boards were also ins&rted in

the 15 cm (6 injall, 13 mm (1/2 in) thick top rail. Both rails were suspended from brackets
attached between their ends and the posts. Bare treated 4x4 pine posts were used instead of
thesleevesold with the assemhly

The boards for the&VPC2fence were arranged horizaily, as shown irrig. 11 (h). Hollow
aluminum posts 10 cm (4 in) wide were mounted on stands at each end of thAffence.
aluminum bottom rail 30 mm (1iR) highwas inserted into slots on the posts, followed by a
set of eighténce boardeach 21 cm (8.3 in) tall and topped by an aluminum upper rail 30
mm (1.2in) high. Eachboardwashollow with struts separating front and back surfaces, for a
total boad thickness of 17 mm (0.7 in).

2.5.5. Fence Support

All wood fences were mounted oo pressure treated pine posts with square cross sections
8.9cm (3.5 in)on a sidgdnominal &4 lumber). The posiat each enddded 17.8 cm (i) to

the length of &ingle privacy fence pandbr a totallengthof 2.62 m (8 ft 7 in). Lattice

fences were mounted on the sides of the pistatotal single panel length of 2.%n

(8ft 3in).

Fence panel and post assemblies were supported by boring a 2.4 cm (Gi@#hat¢r hole
in the bottom of each post and inserting the 25 cm (10 in) long, 1.91 cm (0.75 in) diameter
Al ego of a st e eneatliht eeditaldod,ieach fodh veas haod weth a cBEs
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of 4.8 mm(3/16 in) thick, 2.5 cm (1.0 in) wide steens.Sections of woodtx4 posts25 cm
long were inserted into the vinyl posts to allow mounting on the same legs/feet used for wood
fences.

Each end of the fence was connected to two partially filled 208 L (55 gal) barrels of water
using1l5-gauge (1.45 mm or 0.0571 in diamet&gel wiresThe purpos®f thiswasto

provide stability ando prevent the wind from blowing the fence over or aagisinrealistic
vibration or other motion. When the separation distance from the shed was less than 3 ft, the
nearesfence post was attached to the eaves oftieelrather than to a water barrel. The

wire support system also allowed the fences to bestadjfor verticality.

2.5.6. Parallel Fences

During this studyrapid growth in fire spread and energy releaas discoveretbr two

fence panels erected adjacent to each other. This fire behavior led to a series of experiments

to investigate two scenarids. the double latticéencescenarigtwo lattice fence panelare

mounted oroppositesides of a2x4 lumberframe providing a more substantial boundary to
delineate or partially enclose an asegh as a gardem the parallel fence scenariwo

fences are erected by neighbors on either side of the shared propeitydinet uncommon

to find parallel fences in commures, where a homeowner erects a second fence for a

pl easing appearance or a functionality that
Fences are often installed fractions of a meter apain, th® examplen Fig. 12. A fence

mayalsobe constructed nexb othertypes ofvertical surfaces, such as auxiliary buildings.

N = S~

Fig. 12. Parallel privacy fences. Colorado Springs Fire Department, used by permission.

Double lattice fences were fabricated wittustural support similar to that used for single
lattice panelsAs can beseen inFig. 13, two 3.8 cmx 8.9 cm(nominal Z4 lumber)

untreated pineails were attached horizontally along the top and bottom of two lattice panels.
The rails were orientedith the shortest dimension cawting the latticgpanels providing an

8.9 cm (3.5 in) separation distance betweemtThe upper frame board was located
21.6cm(8.5in) from the top of the lattice, and the lower one was loca@dm (3.5 in)

from the bottomTo provide more stability, keep the assembly square, and provide an
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attachment point to connect to the posts, four 10.2 cm (4 in) long corner braces made from
the ame untreated pine lumber were attached at the inside corners, extending upward or
downward from the horizontal frame boards.

oo

Fig. 13. Double lattice fence.

For theparallel privacy fencexperiments,itetwo fences wer@achcomectedo their own
independent post3he fences were arranged with the smooth sides facing out and the
horizontalstringersides facing inward. Spacing of the fences was defined as the distance
separating the vertical boarddthough distances betweeartzontalstringes wasless.

Spacings included 20@8n (8 in), 30.5cm (12 in), 45.&m (18 in), 61.0 cm (24 in), and
91.4cm (36 in). For spacirgpf 61 cm (24in) and greater, twadjacensets of mulch pans
were requiredror stability, each fence was attached to two water barrels and to each other
with steel wire Parallelfences were testesimilarly to single fences with and without

mulch beneath angised or lowered on the posts asded.

Most parallelprivacyfence experiments were conducted with western redcedar fences, but
additional experiments explored combinatiohsvestern redcedar privacy fencemyl
privacyfences pine latticefences, antioncombustibleement boargheging.

2.5.7. Fence Materials

Physical andlammability propertiesvere obtained fothe fence materialsised in this study
Appendix Bdescribes a cone calorimeter stwtdynparing flammability measurements for
western redceddWRC), vinyl (PVC), and wooeplastic compositéWPC)fence samples.

The samples were cut frofence boards the WRC and WPC samples were solid, with
different thicknesses but comparable masbee PVC sample consisted of two thin sheets
separated by three thin sheets serving as braces and had the lowegloondsntaining
samples (WRC and WP®@nited easily, and the duration of flaming was highan that of

PVC by a factor of twoThe WPC samples burned intensely, with peak and total heat release
values greatly exceeding those of the other two matefiaéstotal heat release and the
averageheat release ratésr WRC samplesvere significantly highethan for PVC.
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Firebrandgeneratiorwas observed inWWRC samples during flaming and after flame
extinction with snmall wood firebrandflying awayfrom the burningconesamplesNo
smoldering combstion was observed for PVC and WPC samples.

2.5.8. Wood Conditioning

Wood fences, posts, and the boards used to assemble double lattice fences were stored in the
same conditioned spaces as the m{B€h% to 35 % RH)Like the mulch, the moisture

content for thee componentwas6.5 % + 1%, selectedasa value that would provide more

realistic conditions for fire spread than the enhanced conditions that would result from using
oven or kiln-dried wood[35].

2.6. Ignition Source

The tessubject was ignited bypne of thregypes ofpropane burnerapplied near the end
farthest from the structur&heprimary burner was austomizednodel that consisteof
eightVenturistyle brasstorch head¢Bernzomatic brand Pencil Flame modatyangé with

four torch headsn each side of the test object. Two torches of each set pointed 45° upward
toward the fence and the other tpminted 45° downward toward the mul&s can be seen

in the overheagiew in Fig. 14. The torches were wrapped with Kaowool ceramic fiber
blanketandthen covered withlaminumfoil as shown irfFig. 15 for protectionfrom flames

and radiation after ignition of the fence and/or mulch

e p; 2

Fig. 14. Propane burner for igniting fence and/or mulch, with torches exposed.
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Fig. 15. Propane burner protected by Kaowool blanket and aluminum foil.

An alternative ignition source was used on a small number of experiments with unusual fire
behavior. Because of the rapidity of the fire growth on shredded rubber mntthecause

the vaporized rubber tended to clog the fence burner torches, a lagiepsopane torch

was implementedThe larger torch was a Magna Industries MagFire MT5500 with a 6 cm
diameter nozzle and maximum output of 150 kMwas successfully used to ignite the

rubber mulch quickly and uniformly across the width of the paetorch burner was also

used for ignition of artificial turf.

For experiments in which the fence was raised above the mulch bed, described in
Section4.3.2.4 a ringburner with propane as the fueas used for ignitionThe Imperial

model IMP1273 ring jet burner was 23 cm (9 in) in diameter and primarily made of cast iron.
It consisted of nine hubs of one to four brass torch heads each, distributed around the
perimete and across the diameter.

2.7. Measurements

2.7.1. Wind Speed Profiles

The experiments were performed under imposed wind speed conditions from 6 m/s to 14 m/s
(13mi/h to 31 mi/h) in line with the fencén order to measure the winélacity field, an

arrayof thirteenbidiredional probes was placed 1.22 m (4 ft) upwind of the fence post

closest to the wind machine (éor a mulchonly experimentywhere that post would be)

This location was selected to capture the wind field close to the fenceAatch thefocus

of the experiment without influencing thewipd measuremenBidirectionalpressure

probes measure the difference between the total pressure on the windward side of the probe
and the static pressure on the leeward Jile.difference is the dynamicgssure caused by

the wind which can be combinedith temperature and a probe factor to calculate the wind
speed37]. The leads of the probes were connectefdtsa Model 26bidirectional pressure
transducerswhich have gressure rangef +373.6 PaEach transducgroduced aoltage
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output fromO V to 5 V, with 2.5 V outputindicating zergressure differentialCombining

the pressure measurement with ambient temperature gave a corresponding velocity range of
about £23 s (£52 mi/h).The transducer calibrations were checked periodically with a
pressure calibration system, and their sensitivities were found not to drift significantly.
Voltage outputsneasured durindaily pneumatic zeroingmhich will bedescribedn

Secton 2.9.2 were used to account fany voltage offsets.

A photograph of the bidirectional probe array in front of a fence/mulch test combination is
shownin Fig. 16, and the diagram iRig. 17 indicates the locationsf probesThe array
consisted ofive probesarranged verticallpn the centerline of the experimextheights of
0.30m (1 ft), 0.76 m (2.5 ft)1.22m (4 ft), 1.68m (5.5 ft)and 213 m (7 ft) measured from
the groundtwo sets otwo probeseachextendirg out from the centerline i0.61 m @ ft)
intervals aboth thelowest(0.30 m) and highest (2.13 m) positigresxdan additionafour
probes extending out fromdtcenterline in 0@m (1 ft) intervals at the middle (1.22 m)
position. This allowed for collecting velocity data for a vertical velocity profile at the
centerline and a horizontal velocity profile at tenterheight and addedeveral additional,
moresparsely located, velocity measurements to provide a more complete picture of the
velocity field generated by the wind machine.

. ;.A:.\uﬂ “u«. bxd. ‘:' »
e 3 3, 5 v———%

et

Fig. 16. Bidirectional probe array.
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Fig. 17. Diagram of the bidirectional probe array used to measure the velocity field.

Ambient temperature wasquired alongvith thedifferential probepressureto calculate the
wind speedTemperature was measured wittype Kthermocouple bead made from 24
AWG wire (0.51mm diameter). The temperature measurement location was about 2.5 m
away from the probe arrandshielded from thermal radiation from either the fire or sun.

The effect of wind angle had been studied in previ@search on the fire behavior of

fenceq23]. Since an angle of 0° (parallel or in line with the wind) was previously found to
produce the fastest fire spread, it was selected for the vast majority of experiments in order to
provide worsicase fire hazard conditions. Two experiments performed with the wind at a 45°
angle to the fences confirmed that the fire spread was slower compared to wind aligned with
the fences.

The wind profile measured by the bidirectional probe aremedds primarily on the wind
speed and the distance from the wind machine, with a contribution from the component of
ambient winds in the direction measured by the probes. Because the probe array is 1.22 m
(4 ft) upwind from the fence and at least 3.84 12 {t 7 in) upvind from the shed, the effects

of these objects on the measured wind field are minimal.

AppendixC.2shows velocity profiles measured during expemts at four distances from

the wind machineThe experimentsn this studywere divided into twelve sets corresponding

to the three wind speeds and four probe array positions, and velocity measurements from
each probe were averaged for each set. Thetirespkeudocoloplots show that the velocity
profile is reasonably uniform over the central region of the wind field in the region occupied
by the fence. At ground level, the mulch bed sees a gradient in velocity from the centerline to
theedge of the mweh pan. The center velocity is somewhat lower than the assigned wind
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speed and increases with distance along the mulch bed toward the shed due to the angled
flow straightener.

For a given experimentte average of the velocities of the lower four probbesgthe
centerline was used to state the average wind velocity. This measure was séieccted
studyingthe velocity profilesalongthe centerlineshown inFig. C.6.

2.7.2. Ambient Wind Speed and Direction

The ambient wind speed and direction were measured by an anemometer mountedon a 3.7
(12 ft) pole about 7.9 m (26 ft) soutloutheast of the wind machine propellers and 17.7 m

(58 ft) southsouthwest of the target shed. The instrument was a Young m@@) 8

Ultrasonic Anemometer with 5 V output and 0.25 s response time for both wind speed and
wind direction. Wind speed was measured with 0.01 m/s resolution 2861+ 0.1m/s
accuracyas stated by the manufactyrand the wind direction was measuredw@tl1®

resolution and 2° accuracy. Wind direction accuracy was degraded to about + 5° due to the
estimation of true north during installation and slight positional drift due to high winds which
was periodically corrected. The ambient wind measuremenidetban approximate wind
environment near but not exactly at the location of the experiments, so some focused wind
gusts may have been located at the experiment and not the anemometer or vice versa.

2.8. Data Acquisition

2.8.1. Wind and Temperature Data

A data acquigion system was required to measure 16 channels of measurements from the
bidirectional probe array located in front of the fence or mulch bed, an ambient temperature
thermocouple, and the local wind speed and direction from the sonic anemometer. Voltage
and thermocoupleatafrom the sensorserecollected usingwo National Instruments input
modulesNI-9205andNI-9213 respectively inserted inMational Instruments DAQ 917 4
CompactDAQ USB!-slotchassisThe data were collected 10 Hz and averagedver every
second for each channdlhe program saved the averagad standard deviations of the
samples from each chanrelthe output filewhich was stored on a laptop computer and

later uploaded to a permanent data storage reposlioeyLabview progam used to collect

the data was also used to monitor data quality and spot check for sensor malfunctions.

2.8.2. Digital Video and Photographic Records

A minimum of four highdefinition video cameras, Sony model HDR -GZ0, were placed

around the fence to capture the fire antbkebehavior.Two cameras located on opposite

sides of the fencmcluded the fence, shed wall, and shed mulchipdheir fields of view

These camerasaptured fire spread and spot fire ignition dataadditional two cameras

were located upwind of the fence next towird machine flow straightener, includitige

fence, shed, and shed mulch pans in their viewesexperiments witparallelfences, a fifth
camera was usually placed under the flow straightener on the centerline of the experiment to
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record the fire behavior between tine fencesFig. 18is a top view schematif the
experimental setup showing the relative positions of the video cameras.

To track experiment time, a DBigital timer, model DE25UT, was placed in view of two

or three of the video cameras (depending ondinsight blockage due to varying fence
position). The timer, visible ifig. 10 andFig. 16, was started simultaneously with the wind
machine. This allowed the video records of the left view and one or two of the front views of
the test setup to also record the timer and thus synchronize with the remaining video
camera(s), the two stopwatchesed, and the wind data, which was referenced to computer

time.

DC-Digital
Timer

Video !
Cameras / , = Test Subject

Fig. 18. Top view schematic of experimental setup showing placements of video cameras, timer, and
bi-directional probe array. Google Earth image with NIST overlay.

Digital still photographs were taken throughout the testing period and afterward. The digital
still camera used was Sony model SA%8. Periodically, the handheld camera wasdu®
capture closeip video of interesting phenomena.
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2.9. Experimental Procedures

2.9.1. Weather Conditions

The ambient wind speed was required to be less3B&h ofthe nominakppliedwind

speed in order to carry out the experimérihe ambient wind directiowas forecast to be

close to perpendicular to the direction of the generated wind, then ambient winds needed to
be less than 25 % of the generated witdder these conditions, the impact of the ambient
winds on the wind field generated by the fan was mahiWinds from the North and

Northwest were also avoided as they caused smoke and firebrands to overspread the
experiment control area.

Testing wasusually not scheduled when rain chances were likely during a substantial part of
themorning or afternoorExcessively hot ocold weather conditionalso precluded testing
Generally experiments were not scheduléthe heat index was expected to rise ov&rG

(90 °F) for alarge part othe day,n orderto avoid heat exhaustionf temperatures were not
expected to surpad® °C (50 °F), experiments were precluded bificulties with handling

tools vaporizing propaneand drying the wet ground after fire extinguishment.

2.9.2. Preparation

Preparation for a typal experimenbegan with clearing the testea of debrisThe mulch

pans were connected and located at the prescribed distance from the shed and centered along
the shed/wind machine centerline axigavy steel bars were placed in #ssemblegan at

the leading edge and the overlap regioto weigh it down.If a fence was to be erected,

holes were bored in oneendof each posand the posts were placed on the post support legs
close to their final locatiorThefence waghen positioned for attachment to the goShims

were used to raisedifencef a mulch layer was to be lalieneathThe fence and pasivere
predrilled and then screwed together at each horizontal strisigerthe fence was secured

to the posts, the shims were removed, and a mulch layer was laid evenly and contgressed
foot throughout the parThe posts werset perpendicular to the grouadd secured with

wire to two watetcontainingbarrels located off to the side and also to the shed or shed eaves
if located at O nor 0.3 m (1 ft) separation distance. After the derwas secured, the support
wires were marked for safety with strips of tape or other material to prevent personnel from
running into them. Mulch wathenlaid, spread evenly, and compressethetargetmulch

panat the base of the shetlprescribed bythe test plan.

Preparations for instrumentatiagmcluded positioning ofitefour or fivevideo cameras with
framing ofthe appropriate views. The bidirectional probe array was positioned in front of the
leading fence posEor fence experiments,bairner was connected to the propane gas

cylinder and was positioned on both sides of the fenithk its leading torch head lated

2.5cm (1 in)beyond the trailing side of the leading fence pisif of the torches on the

burner were aimed upward to the face of the fence and the rest aimed downward toward the
mulch (if mulch was presentf.no fence was being tested, a laytalile was checked to

find out whereon the mulch bethe burner should be positioned relative to the shed a

fence were ther&he propane cylinder was opened and the burner line charged to check the
burner for leaksand then the gas was shut offtwa valve Before the first test on a given
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day, pneumatic zeroing of the pressure transducers was performed by corashtinty
length ofrubber tubing to each side of the bidirectional probes and recording th&lata.
also enabled observation okthressure transducer voltages being read by the data
acquisition systerfor troubleshootingroblems Voltages that were drifting indicated a poor
connectionand voltage®ffset significantly from 2.5 V indicated a plumbing leak.

After a safety check dhe surrounding areahe wind machine was warmed up for
approximately 5 min prior to each experiment. A garden hose was attacfe: toose
which was in turn connected to a hydrant. The hydrant was opened to charge, toedliae
diesel pump was stizd up topressurizeéhe hydrantvith water from the nearby pond

Finally, a safety briefingvas conducted to communicadketest procedure, participant roles,
and safety remindergeroing tubes were removed from the probe array, and the test
description and filename were detailed in the logbook.

2.9.3. Operations

The following procedurewas typical although some minor aspects varied for some t€hts.
data acquisition system wamtiated with the selected filename and descript®etween

15s to 60 s of backgrourndhtawere obtainedeforetwo stopwatches were started
simultaneoushand the program timeasrecorded At that time all video cameras were put
into recording mode. Aftes0 s of stopwatch time, a small propane torch was igratedi at
55 sthe propane cylindervas opened. At 1 min, thgnition torch was held near the burner
torches until they were all ignited. The times for initiating and completing burner ignition
were recordedror most experimentshe burner was sustained 0 s on the fence and/or
mulchin order to produce a sedustaining fire that would not seditinguish or go out in the
wind. Some conditions such as cold (which diminished the propane flow) called for longer
burner duration up to 3 mihotographs othe fenceor mulch firewere usually taken
shortly aftengnition.

A countdown to generating wind was performaad a digital timefocated next to the shed
pan and visibléen two or threeof the video camera views was initiated at the same time as
the wind machine was started. The wind level was adjusyeskttingthe tachometer to
950rpm (revolutions/min) for low wind6 m/s(13 mi/h)], 1500rpm for mediumwind

[10 m/s(22 mi/h)], and 2000 pm for high wind[14 m/s(31 mi/h)]. The times for initiating

the wind and completing its adjustment were recorded in thé\kgoon as the wind started,
the burner was removed to protect it from the fire, and the propane valve was closed.

In addition to thecontinuousvideos recorded ofixed camerasphotographsveretakenfrom
manyanglesand field of viewduring the experimenThe photos included theverall views
encompassing the entire fence and shedijribar extent of the fire along the fence/mulch,
spot fires in theargetmulch bed andunusual or interesting phenomeBameinteresting
phenomena were captured using the video mode of the hamtigjigdd cameraThe

experiment ended whenspotfire in the mulch bed at the base of the structure reached the
wall and after fire had also reached the end of the fence or mulch bed. Flames at the wall
from spot fires were extinguished if the fire had not yet spread over the entire length of the
fence/mulch bdin order to capture the fire spread rate over the entire fé&tdbe end of

the testthefires were extinguished with a water h@sel posffire photographs were

obtained
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2.10. Parameter Summary

FromApril 2016 througiSeptembeR021, 187 field experimend were carried out on fences
and mulchTheexperiments in this studyere performean a variety ofcombinations of

fence panels and mulch under various conditadngind and separation distance from the
target shed amulch bedThe distribution of thgparameters in these experiments is shown in
Fig. 19 andsummarizedn this section

Subject of Experiment Firebrand Target

B Single Fence + Mulch

B Single Fence Only ® Combustible Shed Wall

® Mulch Only B Mulch at Base of Shed

; o ool i B Mulch Without Shed
Fence Material / Style Mulch Type

B \Western Redcedar Privacy

A WRC Privacy

® Vinyl Privacy B Shredded Hardwood

B Redwood Lattice B 1/2 Height Hardwood

8 Pine Lattice B Pine Bark

B WRC Good Neighbor B Pine Straw

B \Wood-Plastic Composite B Rubber

a Artificial Turf

B Parallel RW Lattice -

B Parallel Pine Lattice
o
o

Separation Distance Wind Speed

B0m
B03m
B09m
B18m
B>15m

Fig. 19. Distribution of 187 experiments by subject of experiment, firebrand target, fence type, mulch
type, separation distance from the wall, and wind speed.

2.10.1. Subject of Experiment

The experimentsdfl into four types based on thestsubject fence plus mulch, mulch alone,
fence ¢one, and parallel fencéwith and without mulch)

Approximately half of the experiments weyerformed on some combination of ferasel
mulch This configuration wathe mainfocusfor this study addressing the question whether
fences could act asvack to carry fire from one property to another within a community
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Combining the fence with mulch showed the effect of fine combustibles in contact with the
base of the fece. Under the high wind conditions that may accompany a WUI fire, leaves
pine nedlesmay collect next to the fence even when it is maintained free from combustible
materials such as mulch and shrubb&r. most experiments the fence was erected as
described irSedion 2.5.5at a height touching the surface of the mulch, which was arranged
according to Seémn 2.4.1 A small number of experiments tested éfffect of raising the

fence panel above the mulch bed as a potential avenue for mitigation.

Mulch bedsaccounted for about a quarter of the experiments. The purpose of these
experiments was to demonstrate the fire behavior of various types of mulath péacea
structure. Mulch beds wesgranged as described in 8en 2.4.1

Experiments on fences in the absence of mulch addressed the questianfentes behave
under perfectly clean conditionsith no contact with fine combustibles. These experiments
acted as a control group to examinedfect of mulch orthefire behavior of fence Under
realistic fire conditionsit would bedifficult to achievea fence ffee of fine combustibles

since WUI fires are often accompanied by winds that blow loose materials such asteaves
pine needlesto cornersandcrevices. The methods in Sien 2.5.5were used to erect these
fences.

Parallel fencesvere separated from other fence categories after it became clear that their fire
behavior was significantly more hazardous than that of otirdrguirations Combustible

surfaces parallel to each other are subjecadaative and convective heat transfer

mechanisms thatroducerapidfire growth Configurations that were consideriedhe
experimentsncluded double lattice fences, which may bgedfor a gardenparallel wood

privacy fences, which may be erected byghbors on either side of a property line; and

wood privacy fences parallel to surfaces that represent a combustible or noncombustible shed
wall. The preparation of parallel fendes these experiments is explained int8st2.5.6

Because of similarities in fire and firebrand behavior, the results for this report are organized
by these foutypes ofexperimental subjestas are theppendices that present the details of
each experimenthe full set of experimental matrices is provided\ppendix D

2.10.2. Firebrand Target

The experiments involved three configurations with respect to the target for flame spread and
firebrands A shed was arranged at right angles to theafamdistance df0.7 m (35 ft)or

Series 1 and 2 experimenss described in Steen 2.3 andillustrated inFig. 4. A small

handful of experirants(Series 3were performed without a shedorder to study the

ignition of mulch by firebrands at a distance

In Series Jlexperimentsa sacrificial layer ofouthern yellow pinplywood panel sidingwith
a thickness 01.5 cm (0.59in) wasattached tahe shed wallas discussed in Secti@nm3,
extending ¢ the groundwith a crevice less than 2 mifor these experimentgnitions at the
base of the whwere taken as a measure of vulnerability to firebrands. With a smooth
surface at the base of the shed, the flow field at the base of thdineettd the firebrands
towardthe right or leftof the shedand few firebrands lodged in the small space betwthe
plywood wall and theoncrete
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About 80 % of the experiments were Series 2, with a narrow mulch bed positioned along the
base of the shemhd a noncombustible false wall to protect the sfied mulch bed was

used here as a surrogate for buildiggition vulnerability or hazard. This configuration
represented worst case condition of fine combustible material in contact with the structure.
The firebrands that landed inettargeimulch bed tended to stay the placehey landedif
conditions wee favorablethe firebrands ignitedresthatthenworked their way back

toward the shed, at which time they were extinguished with watereVargusuallymarked

the end of the experimentnlessthe fire over the test subject hadt yetreached therel

closest to the shed or was spreadiagy slowly.

For Series 3xperimens the structure was removeghd the target mulch bed was placed
23mto 47 m (75 ftto 153ft) from the end of théence and/or mulch that was ignitéche
purpose of taseexperimeng was to test the ability of firebrands generated by the mulch to
ignite a fuel bed at a long distance from the sourbese experiments are discussed in
Sectiord.5.

2.10.3. Fence Material, Style, and Configuration

As described in S¢ion 2.5, privacy, lattice, and good neighb&encestyles were tested in
this study.The bards for the pvacy fences werenade ofwestern redcedavinyl, or wood
plastic compositeandthelattice fencesvereconstructed of redwoaoak pine. Western
redcedar boards were used to assemble the good neighbor fegedwestern redcedar
fenceghatwere believed to have spent at ldastyears outside in Coloradoenrealso tested
to see whether the fire behavior is significantly worse after éopgsure to the elements.

Over half of the experiments with fences were performed with western redcedar privacy
fences.These fences were studied at all values of wind speed and separation distance and
provided a basis for comparing the fire behaviorifieent fences and mulches.

In two experiments, the length of the fences was doubled by arranging two paneiseadd
with a post between the panels and at each end. The purpose of these experiments was to
determine whether the fire behavior had reachsteadystate flame condition in a single

panel length.

Five experiments were performed with tweod privacyfence panetaisedabovea bed of
shredded hardwoaalulch. Vertical separation of the fence from the mulzds considered a
possible mitigationechnique

2.10.4. Mulch Type

The mulches used in this study include shredded hardwood mulch, mini pine bark nuggets,
pine straw, and synthetic (shredded rubber) muirchddition, two experiments were carried

out on artificial turf.The majority of experimentseve performed using shredded hardwood
mulch, which also served as a common base for the comparison of different fence types and
configurationsDetails on each mulch type and its preparation for testing are presented in
Sedion 2.4, with photos inFig. 8. The standard mulch thickness was &), which was
compressed by foot. The effects of a thinner mulch layer were investigated with a set of
experiments on shredded hardwood mulch at half nieis&, or 2.5m.
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2.10.5. Separation Distance from Structure

When the shed was present, experiments per®rmedat distances between the shed wall
and thenearesend of the fence or mulch bed ranging from 0 m t@ g0 ft to 6ft). The
four separation dist&es used in this study were Q @30 m (1 ft), 0.4 m (3 ft), and 1.8 m

(6 ft). Figure20 shows a diagram of the four separation dista(6Bg for Series 1
experiments, with a combustible wall attached to the shed as a Eggee21 shows a
diagram for Series @xperimens, in which a bed of shredded hardwood mulch seagdtie
target for spot fires.

Becauseparallel fence experiments tended to prodacge flamestheywereall performed
at a separation distance of 318 (6 ft).

—mm

Bidirectional
Probe Array Wind —
Direction
Case 1 Case 2 Case 3 Case 4
Zero SD 0.3mSD 0.9mSD 1.8 mSD

Fig. 20. Experimental configurations with combustible wall as target.

LT

—3
Bidirectional
Probe Array Wind —
Direction
Case 1l Case 2 Case 3 Case 4
Zero SD 0.3mSD 0.9mSD 1.8 mSD

Fig. 21. Experimental configurations with shredded hardwood mulch bed at base of structure as
target.
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For Series 3 experiments, the shed was removed, and distances were measured from the end
of the fence or mulch bed farthest from the fan to the leading edge @irget mulch bed.

The long separation distances for these experiments were intended to test the distance over
which firebrands were able to ignite spot fires in a mulch bed.

2.10.6. Wind Speed and Direction

Wind speeds through a community during a WUI event raage from nearly stagnant to
prevailing wind speeds and possibly higher, depending on local shielding and channeling due
to structures, vegetation, and terrdihe experiments this studywere performed under
nominalimposed wind speed conditions fr&dm/s to 14 m/s (13 mi/h to 31 mi/lgenerated

by a large fan with tilted flow straightener as described ini@e2.2 Low, medium, and

high wind speeds correspabed to average valuesongthe centerline in the ranges 5 m/s to

9m/s (11 mi/h to 20ni/h), 10 m/s to 13 m/s (22 mi/h to 29 mi/h), and 14 m/s to 18 m/s

(30mi/h to 40 mi/h), respectively. The low wind speed category was selected to overlap with
the conditions for experiments fenceperformed by Manzello and colleagues in

Japar{20].

Because previous NIST fence stud®3] concluded that the worst case fire behavior
occurred with the wind flow in line with the fence, almdseaperiments were performe
this configurationThe wind was at a 45° angle to the fencévo experimentsAll
experimets were performed with the shed perpendicular to the fence and/or mulch bed
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3. Analytical Tools

The data acquisition systems described irti8e2.8 provided raw dat that needed to be
analyzed andisualizedto develop an understanding of the fire behavior in each experiment.
This section describes the tools that were developed to analyze the video evidence and wind
data collected from each experimand the use ad computational fluid dynamics model
understand the flow field

3.1. Video Analysis

The primary datéo be collected from each experimergreflame sprea@nd firebrand
spotting.Every experiment employed four video cameras, with views from the left, right, left
front, and right front of the object being tested, from the point of view of the fan (facing the
shed). In some experiments, a fifth camera was usedecord a paralldence experiment

directly down the center between fences, for example, or to record a closeup of an interesting
phenomenonThevideos recorded thgrogress of flames and charring and the ignition of

spot fires, as well asrents such as burner ignitidian enginestarup andshutdownand the

start of suppressioffhe frame rate was 29.97 franes

Timing, flame spread, and spotting analyses were performed on videos from the left and right
camerasThe MATLAB computing environmerjB88] was used to build tools for tracking the

flame fronts over mulch beds and fences. The graphical user interfaces (GUIs) for selecting

points on the video were developed ugBigIDE in MATLAB to lay out the GUI

components (such as push buttons-pepnenus, and plotgind to set up the framework for
eventdriven programmingS e v e r al GUI applications were | at
App Designer interactive development environment.

3.1.1. Event Timing

All four video cameras monitoring the experiment wereddranshortlybefore the propane
burner was applied to the test subject and turnedsdlffedire wasbeingextinguished with
water from a hosdzach camera view was fixed in place during the experiment after
adjustmento capture the field of interesto compare the views fromultiple cameras
usually the right and left viewshe timingwassynchronizedThe five eventdisted below
were selected as the primary timing masksrcause they could loketermired within a few
videoframes Each event iglustrated inFig. 22 underthe matching letter

a) End of Gas Burner Ignition
The End of Gas Burner Ignition event was ldet moment tat thesmall propane
ignition torchwas applied to the gas burndihetorchwas often applied multiple
times to each side of the burnso this markerecordshe end of the final
application Although the fenceometimedlockedthe view of thepropaneorch
itself, the movement of the mwassualy cher os
apparent.
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b)

d)

Fig. 22. lllustration of timing markers for Test A-29, showing a) end of ignition process,
b) start to removal of propane burner, c) audio track for fan on, d) audio track for fan off,
e) beginning of water application, and f) 5 s after the water is applied.

Start to Remove Gas Igniters

The Start to Remove Gas Igniters event was the mowtest the gas
igniters/burners began to be moved away from the point of ignition. This typically
took place about 1 %2 minutes after the End of Gas Burner Ignition.

Fan On

TheFan On event marked the time at whibh fan reachthe initialmaximum

audio anplitude asviewed in the auditrackdisplay.This point is indicated by the
arrow inFig. 22 (c). A precise frame number could be obtained by zooming in on the
audio timeline and identifying the frame at which the audio signal stabibzad
periodicwaveform To the ear, this corrpended to the time at which the engine
caught after turning oveFurther adjustments of the fan rpm to reach the required set
point(seen in the figure as variations in the amplitude to the right of the event,arrow)
which typically took between 15 s ad8 s,were not considereétan Onmarked the

zero time for all analyses, atypically occuredl s to5 s after the gas ignitergere
removed.

Fan Off
TheFan Off event was thmomentat whichtherewas a detectable decrease in the
audio amplitude proded by the fapas viewed in the audioackdisplay. This point
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near the end of the experimestindicated byhe arrow inFig. 22 (d). A frame

number could be determined by zooming in on the audio timeline and identifying the
frameat which theaudiotrackchanged frona periodicwaveformto aroughersignal.

To the ear, this correspoadito a change in pitch as the faas turned .

e) Water First Applied
TheWater First Applied event marked thiest momentwhen water from thbose
was observed to reathe burning objecto extinguish the fireln some videos the
water could be seen leaving the hose and landing on the fence ar mwther
cases, the application of water could be detected by the initiation of a clstehof
mixed withsmoke, as can be seen by companingges €) and(f) in Fig. 22. Early
applications of \aterto contain spot firesear the target shederenotincluded in
determination othe Water First Appliedevent

In addition to the five events listed abotteginitiation of the digital timedescribed in
Sedion 2.9.3was visible from the camera on the left sifleetimerwas started within a few
seconds of thewo events Start to Remove Gas Igniterd &an Ori all threeevents
occuredin response to eountdowngiven bytheteam leadern Fig. 22 (b), theperson
preparing to start the timer is visiblearthe orangetraffic cone.The timerwas useful foa
small number oéxperimentsn whichone @ morevideorecordingsvere interrupedin the
middle of the testresulting in two videos from those camera®mthe left camera, the
timer could be used to determine the amount of 8fapsed between the end of the first
video and the beginning of the secoRdr interrupions ofthe right camera he timings of
Fan Off and Water First Applied eventemcalculated by comparison with event times
from the left camera.

For Series 2 experiments, with a mulch bed target at the base of the shieginthef spot
fires wasmeasuredThreesimple timing measures were recorded for each experiment

(1) the timeat whichthe first spot firagnitedwithin the target mulch bed2) thetime of
ignition for thefirst spot fire toput flamesagainsthe wall and(3) the time at which flames
werefirst observed at the wallgnition was detected by the first visible sign of smdihe
right andbr left video recordingvas usedo identify both the first spot fire ignited and the
first spot fire resulting in flames on the wallhese two spoires were thetracked back in
time to determine the first time at which a puff of smbrken that locatiorwas
distinguishable from the surrounding$etime whenthe first splash obrange was observed
at the base of the wall or along its surface wasended as the time of flames on the wall.

Uncertainties in the timing of these events are discussiéppandixA.3.

Other times obtained from the videos includeel imes for flames or charring to reach both
the halfway point on the fence and the end of the femb&h were used for preliminary
flame spread rate comparisoiitiese were determined using the flame spread analysis
discussed in Sectidhl.3and Sectior8.1.4

Timing markers were obtained using VirtualDj@9, 40} VEGAS Pro[41], or AVS Video
Converteff42] video processingoftware. Frame numbers or times of events were recorded

in an Excel file Some discrepancies in timing were observed among video handling tools,

but markers obtained from these three software packages were found to be consistent within
+0.5 s. For the most accurate results, the same tool (VirtualDub) was recommended for both
timing the videos and extracting images from them.
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3.1.2. Conversion of Videos to Image Sequences

Videos from right and left cameras were used to determine 8anead as a function of

time. The tools developed for this analysis required the videos to be converted into sequences
of images Each image needto beassharpas possible in order to estimate the location of

the flame front in the mulch bed or on theface of the fenceOther considerations included
thedigital size of thestoredimages and thkength oftime requiredto create them.

The software selected for this task was VirtualP&8j equipped with Ut Video Codec
Suite[43] to provide lossless compressiand Smart Deinterlacer Filtgt4] to eliminate
interlacing artifactsVirtualDub allowed the extraction of eveBf frames, resulting ina set

of images spacedart by 1.001001 g&orresponding tthevideo frame rate of
29.97frames/s) This providel better image quality timeother video handling tools that used
averaging t@reae a sequencwith oneimagepersecondUt Video Codec Suitewith fast
lossless compression capabilitiesas used tdirst convert the originadligital video in .m2ts
format to .avi formatusing only one out of every 30 framé&®r the final image sequence,
every frame was then extracted from the .avi viddias procedureeduced the time required
to extract images from the original video by more than an order of magrisonet
Deinterlacer Filter eliminated lines where there was fréorfeame motion, such as in areas
with flame or smoke, leaving the motionless partsigi resolution.

The initial conversion from .m2ts to .awadk approximately 1/5 the time of the original
video duration, and the extraction of frames from the .avi videkapproximately 1/3 of
the time of the duratiorin cases where videos from bd¢fit and right cameras were
converted into image sequencesages from both sequences were comparethsarehat
the timing matched.

3.1.3. Mulch Experiment Flame Front Tracking

After thesequence afmnages wasextracted fronavideo recorded by cameta theright or
left of the object being tested, the imagese readye analyzed tdetermine the position of
the flame front as a function of tim&.MATLAB GUI tool, mulch_test_analysis.mjas
developed to track the char front for mulch experiments.

Figure23 showsan example ofhe GUI for a mulch test. @ begin he procedurethe user

first clickedon Get Image File on the upper rigiftthe interfaceThis promptedthe usefor

a single image from the sequerioethe experiment to baisplayed anénalyzed. Open

Excel File allovedthe user to either open a new file to contain the flame front data or to add
to an existing file.

In order to measure ¢tposition of the flame front in a given image, a physical scale that took
the perspective of the camera into account was required to define distances along the length
and width of the mulch bed. The Set Perspective Lines button prompted the userits a ser

of points that defined the perspective lines on each end of the mulch bed, selected by placing
the cursor on the screen and clicking the mouse. The user was asked to identify two points on
the top of the mulch bed at the base of the $hauk close téhe camera and one farther

awayi and two points on the top of the mulch bed at the opposite end from the shed. The
user was also asked to identify poiatsng the top edges of the mulch bed closest to and
furthest from the camer&inally, the user waasked for a point at a known physical distance
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4| mulch_test is.

Get Image File

267.2673 s

Open Excel File

Set Perspective Lines

[7] Perspective Line Toggle
(Click 'Flame Front' First)

Flame Front

o Next File
Images
feet

meters

- _ M:\resilience_fire_communities\wui\Fences\4-14-2016 Tests 2-3\Test 2 -
Directory:  gsep 20+mph NoFence HWMulch\Test 002L-1p001s\

Image File: test002L_0267.png

sl ] x<Be
< < ==

Excel Direct: M:\resilience_fire_communities\wui\Fences\Analysis\Rachel

Excel File:  flamefront_data2-L xIsx

Fig. 23. Example of GUI with perspective lines for analyzing flame spread over a mulch bed with
time.

from the shed walln the caseshown inFig. 23, the corne of the white square marking on

the asphalt in the foreground was known to be 1.07 m (3.5 ft) from the shed wall. Other cases
used the distance of the end of the mulch bed to the shed wall or other known lengths. The
image inFig. 23 shows the mulch bed delineated by the set of perspective lines, spaced at
10.2 cm (4 in) intervals, and the near and far edges of the mulch pan.

In later experiments, markisgadded to the pavematt0.30 m (1 ft) intervalmade it easier

to determine both the physical scale and the angle of perspective lines along the length of the
mulch bedFor camera views in which thewmd end of the mulch pan was not in the

frame, as was the case for some of the experiments witm0(3 ft) and 1.8 m (6 ft)

separation distances, the perspective line away from the structure was established using other
information. On a sunny day, suchthatshown inFig. 23, theshadow cast by the

bidirectional probe array could be used, assuming that the array had been positioned parallel
to theshedwall. The location of the perspective line along the wall at mulch height was
estimatedn casegor which the mulch pan was separated from the.wall

Selecting the Flame Front button allowed the user to move among the video frames and use
the mouse talick on the location of the flame front in each image. The frame time and the
distancs of the flame front from the sheuall and the centerlineere automatically

recorded in the Excel file for later plotting. Buttons on the lower right allowed théauser
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move forward and backward among the frames and to specify the number of frames to skip
for experiments with slower flame spread.

The boundary between burned and unburned mulch was consideretthéddmationwhere

the color of the mulch changed fromolwn to black. Flames attached to the mulch were
observed in some video frames but were too sporadic to serve as an indicator of flame front
location. The flame front was typically not a straight line. The leading edge of the flame front
was therefore deafied as the point of the continuous burn pattern closest to the structure. On
occasion, burn spots appeared in the mulch bedwowlrof the flame front due to

firebrands. When a spot became connected to the main burned region, the location of the
flame frant jumped to the leading edge of the spot.

Uncertainties in the mulch flame front analysis are described in AppAntlik

3.1.4. Fence Experiment Flame Front Tracking

A secondMATLAB GUI tool, fence_test_analysis.imas developed to track the burned area
of the fence as a function of time.

The procedure for definindpé geometry for fence experimsmtassimilar to that described
in the previous section for the mulch towith flame frontdata collected over thgurface of
the fenceather tharthat ofthemulch bedFigure24 showsthe GUI for thefence flame

front analysisThe Select Image buttgmmompted the user for an image (preferably from
early in the image sequence) that wiasplayed in the active window. The Open Excel File
buttonallowedthe user to either open a new file to contain the perspective line and flame
front data or t@verwritean existing fileThe Set Fence Perspective button prompted the
user forinformation about the experiment, includifagir pointsdefininga set ofcornersof

the fencethe height and length between these markers, the time of the current image, and the
time interval between images in the sequeBeehcornerpoint waslocated usingrosshairs
and selected with the mouse buttds.each point was selected, itbZAocation in the image
was entered into a sheet of the Excel file, along usrprovideddaa defining the physical
dimensions. The findenceoutline was displayed as shownFig. 24.

After the fence was defined, the Get Points busitowed the user to define the flame front
location at specific time intervals using the crosshairs and mouse button. The time interval
could be changed using the Skip button. A suggested time interval for collecting 50 data
points was provided by the Franskip Calculator function. Navigation Tools allowed the
user to move forward and backward among the video frames.

Three points on the fence were expected for each image. The first point identified the
location closest to the shed where the fence wasethalre second marked the height of the
charred region in the ignition area, and the third marked the highest point of the char on the
fence outside of the ignition region, defined as two boards or more downwind from the post
farthest from the shed. Thedwvdefinitions of char height enabled the separation of ignition
effects, which included fire development before the fan was turned on, from the effects of
flame spread downwind. After the three points were selected, the MATLAB code
automatically moved tde next image in the sequentée time and flame front locations

were automatically recorded in the Excel file for later plotting.
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4 fence_test_analysis_T_012722 = [m} X
Navigation Tools
Select Image Forward Back

Skip Advance

Choose Key Frame
Open Excel File

Selection Info

Front: Height:

ft ft

Set Fence Perspective Mode: Select:
N/A Front

Frame Skip Calculator

Total Frames: | 382

o -
Get Points 2o
Calculate
20% :

Path Name |y vresilience_fire_communitiesiwuildetached_combustibles\2019_tests\7-26-20- EXcel Path  M:vesilience_fire_communities\wuildetached_combustibles\2019_tests\7-26-20°

File Name testD7L_0096.png Excel flamefront_dataD7L_Butler.xlsx

Fig. 24. GUI for selection of location points for fence video.

The MATLAB program also allowede capture of twalimensional char profiles on the

fence. The Choose Key Frame button presented crosshairs to select points outlining the char
region on the fence. Char profile®re typically capturedt five times evenly distributed

through the experimen

Obscuration bylames and smokéghting, discontinuities in the char location where the
boards met, and placement of the cursor all contributed to the uncertainty in the location of
the char front on the fencencertainties in the fence flame fromtedysis are dscribedn

greater detailn AppendixA.4.

3.2.  Wind Analysis and Visualization

An interactive graphic user interface (GUI) program, windplots.mlapp, was written to
convert the voltage files from the pressure transducers into wind velocities and display the
results.This program wabased on the MATLAB App Designer tods describedn

Sedion 2.7, the wind field just ugind of the fence or mulch bed was measured by an array
of bidirectional probesandambient wind and temperature data werdectéd from a nearby
sonic anemometer and a thermocouplee process for zeroing the probes is explained in
Section2.9.2 while Section2.8.1describes theollection and initial processing of tiend

and ambient weathelataby using a Labview prograno write the data to an Excel file

Figure25 andFig. 26 shav examples of the datasualization from windplots.fapp. The
first step in thevind analysisprocedurevas to obtainthe zero voltage level for each probe,
using theStep 1 Zerosbutton in the upper left corneFhis prompted the selection af a
Excel file containing measurements takdmle the zeroing tulswere applied antiefore
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the fan was turned oithedata columns and plots populated bydhéa inone suctile are
shown inFig. 25, with the followingamotatiors:

A.

Voltage data as a function of timEnetime extenadfrom the lower bound to the
upper boundlefinedin the boxes below the plot, whicbudd bechanged to

define a time range in which reading®re stableAll data presented in the GUI
plots and tablewere from the specified time rangEhe voltage data typicallyay
between 2.4/ and 2.6 V. In the example shown, the data from one probe
fluctuated significanty within this range, indicating that there may have been
connection issues.

The probe array, with a number and radio button for each probe. Probesrthat
clearly faulty (i.e, with values well outside the expected rang®s)ld be turned
off by clickingon the radio buttan

Average value for each probe in the array. Black dots at the center of each color
square indicate the location of the probe in the array by height and distance from
the centerline. Probes thaere faulty anchad been turned ofifvere assigned the

color white

Average values fathe fiveprobes along the centerline. Valweare not plotted
for faulty probes.

Average value$or the fiveprobes extending horizontally from the centerline to
the outer edge of the array at a height of 1.22 m (4 ft) from the grvahds
were not plotted for faulty probes.

Table of probes, showing location, average value, and standard deviation of the
data

Ambient temperature as a function of time.

Wind roseplot of wind speedandwind directionduring the specified time range
Statistical calculationgere performed witlthe CircStat MATLAB toolboxX45].

The green line indicatdle orientation of the experiment, plotting the direction
from the fan to the shed@he red line indicates the mean direction of the ambient
wind.

Ambient wind speed measurements as a function of time.

Average values and standard deviations for temperatind speed, and wind
direction.

Outliers could be filtered out by setting Max and Min values fod#ta setData for
missingzero probe valuesoald be downloaded from a previous analysis.
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Fig. 25. Visualization of zeroing data for 29 July 2016, used for tests A-57 to A-60.

After the probe data from the zeroing analysis were availabl&tépe2: Windutton was
selected to determine the wind sde during an experiment performamuthe same day.
Figure26 shows arexample of the data visualization of wind sp&edh Test A57, which

was carried out othe same day as the zeeadings irFig. 25. The plos and tables are the
same, but the values from the probes are wind speeds rather than voltage. When the wind
data fromanexperimenwereread from the Excel file, the plot of windesgd as a function

of time shoveda step increase when the faes turned on and a step decrease whesast

turned off. The loweand uppebound were then selected to encompass only the time range
when the fan was on.

Finally, selectingstep 3: Savetored the statistical data inseparatéxcel file and the plots
in a dedicateduldirectorywith the rest of the data for that experiment.
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Fig. 26. Visualization of wind speed and ambient data for Test A-57.

3.3. Flow Simulations

Several observations, including the movememhofch particlesandfirebrandsand the
slowing of flame spread velocity as the flame front approached thesslggsted that the
flow field could be plaijng an important rolén these field experiment$o obtain insights

into how the flow field might affectirebrand behavior and flame spre#oe experimental
setupwas modelled usinthe NIST Fire DynamiSimulator (FD$[46]. FDS isa
computational fluiddynamicssoftware progranthat is typically usedbr calculatingfire-

driven fluid flow. Although the heat from a fire will modify the flow field due to buoyancy
effects, these calculatiomsnsideedonly thewind flow in the absence of firesometimes
referred to as fAcold flowo calcul ations.

In addition to illustrating the basic flow field for the experimental setup, FDS simulations
helped to establish the acceptable ambient wind dpeid for running experimentss
givenin Section2.9.1 This was accomplished by addingrassflow wind to the model.

3.3.1. FDS Model of Mulch Experiments

As an initial exploratiorof the flow behavior inhese field experiment&DS was used for
calculating fluid flow only ithoutfire) in an exterior computational space with open
boundarie$29]. Subgrid mixing due to turbulence was represented by a Smagorinsky large
eddy simulation (LES) modeValidation work[47] has show that FDS is capable of good
results when compared with experiments for similar problems,dmgjwuilding ventilation,
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wind impinging on the exterior of a structure, and transport of pollutants in an urban
environment.

In the model of the mulch teslustrated inFig. 27, the fanand shed structui@& brown)

were represented as obstacles. Since the intent of the model was to geovaddnsight

rather than a quantitative comparison, the propelieen flow field and the geometries of

the structure and the fan/flow straightener system were not represented in detail. The fan was
simulated by a square block 1.8(61t) on a side and 0.5 (1.6 ft) thick with a steady

velocity boundary condition directed toward the structure at an angle of 7° to the horizontal.
The distance of the fan from the structure was 10(351t) in agreement with the

experimental setup. Boundary conditions at the extefittie domain were open. Resolution

in X, y, andz directions was 0.in (4 in).

X

Fig. 27. FDS model results showing instantaneous velocity vectors, colored by wind speed. Side view
(a) shows velocities along the center plane, and top view (b) shows velocities in a plane 0.1 m (4 in)
above the ground.

3.3.2. Flow Field, including Vortex at Base of Shed

Instantaneous velocity vectarsFig. 27 illustrate some of the features of the wind flow,
whichwas highly turbulentFigure27 (a) and(b) show instantaneous velocity vectors along
the center plane of the experimental geometry (side view) and in a pland®it)mbove

the ground (top view), respectively. The \@stare colored by wind speed, with red
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corresponding to theind speedf 9 m/s(20 mi/h)applied by the fargs indicated in the
color scale

The velocity flow field shows that a vortex foeainear the ground in front of the structure

and wrapedaroundthe sides, consistent with the horseshoe vortex observed for a surface
mounted cubat right angles to #iow stream that is describéa the scientificliterature[48].

The behavior of the wind near the ground is of particular interest for the mulch experiments.
The side viewn Fig. 27 () shows the vortex near the gral in front of the structur&rom

the top viewm Fig. 27 (b), the wind velocityslightly abovethe groundwvas directed toward

the structure at distaes between one and two structure heights (about 2 m to 7 m) from the
structure. Within one structure height distance (about 2 m) from the structure, the wind
velocity was lower and directedway from the structure aridward the fan.

Figure28 showstime averages fothe component of velocity the direction toward or away
from the shegw. Between the fan and the structure, the wirad directed toward théhed
(positive values o, red except for a region close to the ground just in front of the
structure wherevy was strongly negative (blueyhis marks the counterflow region of the
vortex The vortexextenetdtoward the fara distance of 1.7 (5.6 ft), approximately
0.7times thedimensionf the $ied which isroughly consistent with the literature on flow
around surfacenounted cubes at higkeynolds numbe#9, 50]

(T

a)

r

b)

Y

I—ox

Fig. 28. FDS model results showing time-averaged contours of wind speeds in the x-direction. Side
view (a) shows contours along the center plane, and top view (b) shows contours in a plane 0.1 m
(4 in) above the ground.
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Simulations at imposed wind speeds from 6 (hBmi/h)to 14 m/s(31 mi/h)indicated that
the vortex sizevas relatively independent of wind speed in this range. Vortex intensity and
concurrent and opposed flow velocitigere stronglyaffected by wind speed.

FDS simulationsvere alsgerformedfor fenceexperimens. The geometry was the same

with the addition ofa thin obstacle representing a single fence panel at a separation distance
of either 0 m or 0.9 m (3 ft) from the structurdaelresuls were qualitatively the same as for

the mulch simulations, with a vortex forming in front of the structure in all cases.

3.3.3. Wind Effects on Firebrands and Fire Spread

The flow field strongly influences the behavior of firebrands generated in thod imedl.

When the fan was oduring the experimentsarger pieces of mulch from the target bed

could be observed rolling on the pavement away from the shed wall or towards the sides of
the shed. The vortex motion could also be obseineed thedirectionality of thesmoke and
flames. For the spot fires in the target mulch bed at the base of the shed, the smoke and
flames generally extended away from the shedle for the burning object (fence and/or
mulch bed) themoke and flamesxtenad towad the shed

Firebrandgroducedear the ground experience thygposing flow from the vortex, which

acts to keep them away from the structure and directs them into the high velocity flow around
the left or right side of the structure showrfig. 27 (b). These firebrands may ignite
combustible materials at a distance from the struchutbese field experiments, spot fires

were occasionally observedl ignite at the outer edge of the target mulch bed.

Firebrands that areither produced air lofted to an intermediate height of Gri(4 in) to

1 m (3.3 ftymay be caught in the vortex flow and deposited close to the wall of the structure,
where they caignite combustible wall material or mulch adjacent to the wall. Firebrands
that approach the structure at a height greater than a meter may enter an updraft that
transports them over the top of the structure; open vents could allow these firebranels to en
the structure.

The flow field also affects the flame spreacer the fence or mulch bedepending on how

far away from thelsedthe mulch bed is ignited, the flames spreading toward the structure

may initially experience concurrent flow, with wind velocity in the same direction as the

flame spread. As the flame front enters the vortex region, however, the flame spread changes
to opposed flow mode amthay slow considerably. If a firebrand ignitasspot fire irnthe

mulch within the vortex region, the flame spread from the point of ignition back to the main
flame front is concurrent with the vortex fldweld andis thus rapidAn example of this

behavior will be shown in Seon 4.1.2.3
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4, Experimental Results

The set of 18 experiments described in this report represargurvey of the effectsf

certain fences and mulch on the spread of fire to a strycfiwven various wind conditions
and separation distancé®oth direct flame spread and spot fires ignited by firebrands were
studied. A variety of fences and mulches were tested under acgbogeditions; the
parameters werdescribedn Sedion 2.10 Because of the large number of combinations and
limitations on performing the experiments, only a fédwhe experiments were replicated.
The comparison of quantitative data was made more difficult by the fact that many
phenomena involved in firebrand spotting, such as generation of firebrands and ignition
processes, are stochastic in nature. The analiyhie aata from this set of experiments was
therefore focused on uncovering trends andliscovering different modes of behavior,
rather than on quantitative results.

Appendix Dshows the experimental matrix, divided into categories of Fence Only (without
mulchbelow the fence), Mulch Only (without a fence), Fence Plus Mulch, and Parallel
Fences. The number of each experiment correlgptcases whose detale pesengd in
Appendix FthroughAppendix | Appendix Eexplains the contentd each case writeup,
whichincludea description of the experiment, photographs from before and during the
experiment, flame spread plots, critical times, and ambient and applied winds.

4.1. Mulch Only Experiments

This section reports on the fire behavior oleedrin mulch bed experiments. A variety of

mulch types were studied, including shredded hardwood mulch, pine bark mulch, pine straw
mulch, and rubber mulcihe experiments were performed at nominal imposed wind speed
conditions from 6 m/s to 14 m/s (13/mto 31 mi/h), categorized as low, medium, and high

as described in Seon 2.10.6 Separation distances from the nearby structure were between
0 m and 1.8 m (6ft), as shown in S¢éion 2.10.5

The test matrix foMulch Only experiments ishown inTable D1 in Appendix D The

details of each experiment, including parameter values, images, flame speadmtat
plots, and summary values, can be foundppendix F In each case, timing was measured
from the point after ignition when the fan was turned on.

4.1.1. Example

Some aspects of fire behavior over a combustible mulch betkarenstrated ifig. 29. In

this experimen{Test A-83), afire was ignited in a bed of shredded hardwood mulch
separated from the structure wall by D8 (3 ft). A target mulch bed was placed along the
base of the structure to catch firebrands generated by the burning mulch bed. At t = 0 min,
the fan was turnedn to generate a wind field in the medium range with an average wind
speedalong the centerlinef 9.3m/s 0.8mi/h), and the gas burners were remowstite

lines mark off distance from the wall at 0.30 m (1 ft) intervals.

The first three frames in treequence ifrig. 29 show that the fire progressed at a steady rate,
with the mulch darkening as it charred and with orar@@adls appearing sporadically. As the
mulch burned, ash accumulated and changed the surface color to gray. After 4 min, the flame
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front slowed as it encountered the vortex at the base of the shed described in35&&ion

A firebrand from the burning mulch ignited a fire in the middle of the target mulch bed
shortly before £ 10 min, as indicated by the smoke rising from this site. The smoke at this
location was ob=rved to blow away from the wall, showing the direction of the wind (and
the presence of the vortex). By tL2 min, the spot fire had increased in size, reaching both
the wall of the structure and the front edge of the target mulch bed.

Nt=4 min
Nt= 6 min
ﬂt= 8 min

:

Fig. 29. Time sequence of shredded hardwood mulch bed at medium wind speed separated from
shed wall by 0.91 m (3 ft) [Test A-83].

Theflame spreagblot in Fig. 30 showsthe flamefront location as a function of tim(green
line) for this caseln order b keep track of the location of the flame front wittire mulch
bed the plot include®lack horizontal lineso markthe distance oéachend of the mulch
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bedfrom the shed walThe lineat0.91 m (3ft) represents the closest proximity of the mulch
bed to the wallandtheline at4.27 m (14 ft)marks the approximate laton of the far end

The initial location of the flame front (at time t = 0 min when the fan was turned on) was
3.35 m (11 ft) from the shed wall, or 2./ (8 ft) from the end of the mulch bed closest to
the shed wall.

The green line showinlamefront location with timelllustrates thalecrease in the rate of
spreadas the flamén this experimenapproached the shed wdlluring the first three
minutes of the experiment, the flame frpnbgresed from 3.35 m (11 ft) to 138m (6 ft)
from the shed wallfor a flame spread rate of 0.54 m/mimthe time period from 5 min to
10 min,the flame front progressed frob¥d4 m (4.7 ft) to 1.23 m (4.0 ftyvith a flame
spread rate of 0.044 m/mihhe distancérom the wallat which flame spreastarted to slow
significantlyis consistent with thextent of the vortex describé&d Sedion 3.3.2

The black errobars inFig. 30 show the expanded uncertairity each of these points, based

on the uncertainty analysigr mulchin AppendixA.4.1and the uncertainties frofirable

A.5. ForTest A83, the separation distance was greater than zero and markers on the ground
helped to set the distance scale, so the expanded uncertaintyc(@8idene leve) was

+6.9 cm.

The main flame front united with a spot fire at aboudI@in into the experiment, resulting
in a sudden jump to the end of the mubetl
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Fig. 30. Flame front location vs. time for Test A-83, with HW mulch at medium wind speed and
0.91 m (3 ft) separation distance from structure, showing expanded uncertainty.



NIST TN 2228
August 2022

4.1.2. Fire Spread Behavior

This section describes observed effects of ped, wind speed, and separatidistance on
fire spread rate. Shredded hardwood mulch beds were used to study these effects.

4.1.2.1. Effects of spotting along mulch bed

The fire spread behavior along mulch beds containing shredded hardwood mulch showed
variability even under seemingly identicanditions. One significant factor was the spotting
behavior along the length of the mulch bed. In some experimbatfame front moved
approximately evenly across the entire width of the Beglire29 displayed one example of
this mode of fire spread behavior; etlexamples arghown inFig. 31 (a) and (c) under
medium and high wind speed conditiprespectively. In other experiments, such as those
shown inFig. 31 (b) and (d), the fire front didot widen to the sides of the mulch bed but
remained highly irregular ishape. These experiments typically started with a narrow
burning profile leading from the point of ignition by the burners. Firebrands ignited the
mulch downwind of the main flamedint, creating spot fires that expanded with time until
the individual flame fronts merged. Curved patterns within the burned areas of (b) and (d)
indicate the irregular burning in these two experiments, in which spotting played a large role
in flame spread

Fig. 31. Two modes of fire spread behavior in HW mulch beds: uniform flame fronts for a) medium
[Test A-42] and c) high [Test A-27] wind speeds, and flame spread through spotting for b) medium

[Test A-8] and d) high [Test A-10] wind speeds.

The experimentportrayed inFig. 31 (a) and (b) were run under similar medium wind speed
conditions, and (c) and (d) were both run under high wind speed conditions. The reasons
behind the differences in fire spread behavior are unknbignre32 shaws plots of flame
front location as a function of time for the experimatisplayed inFig. 31, along with an
additional experiment performed at low wind spekels( B 72) that was dominated by
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spotting behavioalong the length of the mulch headigher wind speeds resulted in faster

fire spread rates argthorter experimental time durations. However.each wind speed

there was significant variability. The experiments that were dominated by firebrand spotting
progressed more slowly than those that maintained a more uniform flame front. The vertical
jumps in the plots ifrig. 32 indicate the times at which the main flame front merged with a
spot fire dowmind, instantly movinghe flame front location to the maximum downwind
extent of the spot firelhe unertainties for these plots can be determined from the
uncertainty analysis for mulch in Append4.1.
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Fig. 32. Effects of dominant spread mode and wind speed on flame front location vs. time for HW
mulch beds at zero separation distance from structure.

For theexperiments ifFig. 32, themulch bed was against the shed wall, so the black lines at
Om and 3.35 m (O ft and 11 ft) mark the nearest and farthest distances of the mulch bed to
the wall respectively. The initial location of the flame front (at time t = Owiian the fan

was turned on) was between 2.2 m and 2.4 m (7.2 ft to 7.9 ft) from the end of the mulch bed
closest to the shed wall. This variation reflected both the uncertainty in placement of the
propane burner and the variation in flame spread toward/éti between propane burner
ignition and the time at which the fan was turned on.

The scientific literature on fire behavior may be able to provide $@sieinsight into the
differences ilmmulchflame spreaavhen either fronts or spot fires are domindn a

concurrent winebdriven fire, with the fire spreading downwind, a uniform flame front allows
the flames to be close to the fuel for effective preheating. Higher wind speeds increase the
flame spread rate by driving the flame closer to the unbuehiritts path, increasing the

rate of heat transf¢b1]. The slower flame spread for experiments with an irregular flame
front may reflect the higher fireline curvature in these cases. Fireline curvature is a factor in
spreadate over grasslands, where fires with a naypminted head burn more slowly than
those with a broad parabolic shdpg, 53] In addition, the large downwind spot fires in

these experiments may increase the turizdeof the air flow across the surface of the mulch
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bed. An increase in turbulence intensity decreases the spread rate by enhancing the mixing of
air and fuel gases, which decreases the flame length, or by lifting the flame higher from the
fuel surfacqg54, 55]

4.1.2.2. Effects of wind speed

Figure32 showsthat increasing wind speed was associated with higher fire spread rates and
lower experiment durations for the two dominant flame spread modes: uniform spread and
spotting. This plot gattred data from experiments at zero separation from the shed wall.
Figure33(a) and (b) show that the same trend with wind speed was observed for separation
distanes of 0.9 m (3ft) and 1.8 m (6 ft) respectively. For each separation distance, the
experiments performed at high wind speeds were the fastest. Experiments performed at low
wind speeds required a considerably longer time for the flame front to reaamtdtioé the

mulch bed closest to the shed walhe uncertainties for these plots can be determined from
the uncertainty analysis for mulch in Appendix.1.

Theflame spread plots from multiple experiments carried out under basically identical
conditions show the range of behavior encountered when the field experiments were
repeated.

ST ——Wind Speed St ——Wind Speed
——High - HW (A-46) ——High - HW (A-14)
——High - HW (A-80) ——High - HW (A-78)
4 .4
E E W (A
= —Low - HW (A-97) = —Low - HW (A-104)
g . ——Low - HW (C-9) g 5
8 | 2
[ V] (1]
[3] (5]
E 2¢f 8 2
] o
(=) fa
1 1+
0 1 1 1 1 | 1 1 0 1 1
0 10 20 30 40 50 60 70 80 0 5 10 15
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Fig. 33. Effects of wind speed on flame spread for HW mulch at separation distances of a) 0.91 m
(3 ft) and b) 1.83 m (6 ft).

4.1.2.3. Effects of wind vortex

As discusedin Sedion 3.3.3 the wind vortex at the base of the shed has a strong influence
on the behavior of flame spread and firebraik@s.many mulch experiments, the flame

spread was observed to slow as the flametfapproached the structure wall. In every

Seriesl experiment with zero separation distance, the first ignition of the plywood layer on
the shed wall resulted from a firebrand landing in and igniting the mulch at a point much
closer to the wallhan thefire front. Figure34 shows a particularly clear example of this
phenomenon. The first photo, labelled as time tspot, shows a flame front whoaelforw
movement stalled near the wall of the structure. At this time a firebrand had just landed very
close to the wall and ignited the mulch there. From this second point of ignition, flames
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spread toward the wall and eventually ignited the plywood. Ingpesite direction, the
flames from this second ignition point rapidly (within 15 s) burned in a line back toward the
original flame front, as shown in the top right photograph. This is consistent with the
direction of the wind in the vortex near the groasdshown irFFig. 28. Theflame front then
spread laterally from the burned line, while the original flame front continued to move
forward very slowly.

i

ts"Pot \ts;}Pt +15s

= i

Fig. 34. Time evolution offirebrandspot fire ignited at wall of structure, beginning with first
sign of spot fire atspot[Test A-2].

4.1.2.4. Effects of separation distance

Theexamplein Sectiord.1.1showed thdélame spread sloing as the flame front approached
theopposing flow caused by the vortex at the base of the shed, which begins at about 1.83 m
(6 ft) from the shd, as shown irFig. 28. This distance depends only on the height of the

shed and not on the wind speed. A change in flame spread rate should therefore be observed
for mulch experiments in general as the flame froosges this boundary.

In Fig. 35, the flame front position as a function of time is plotted for several HW mulch
experiments by separation distancethiis plot, the black horizontal lines mark only the end

of the mulch bed closest to the shed wall for the four separation distances, with the horizontal
axis marking a separation distance of 0 m. Ignoring the vertical jumps resulting from the
flame front céching up to spot fires, a change in slope is indeed observed when the flame
front reaches between 1.5 m and 1.8 m (5 ft to 6 ft) from the shedlwallncertainties for

these plots can be determined from the uncertainty analysis for mulch in Appefhdix
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Note that the mulch bed for experiments with a separation distanceSah 18ft) is fully
located outside of the vortex. For these cases, the flame spteatbes not decrease over
the length of the mulch bed.
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Fig. 35. Effects of separation distance on flame spread for HW mulch at medium wind speed.

4.1.3. Type of Mulch

The fire behavior was studied for four mulch types: shredded hardwood mMuscipine
barknuggets pine straw mulch, anshreddedubber mulchThe effects of halving the
thickness for shredded hardwood mulch were obseBaath mulch typevas describeth
Sedion 2.4.2andillustratedin Fig. 8.

More data frommulchexperiments can be found Appendix F

4.1.3.1. Shredded hardwood mulch

Almost half of thenulchexperiments (22 out of 45) were perforneedshredded hardwood
mulch, as carbe seen iTable D1. Theprevious sectin showed that the fire spread

behavior of hardwood mulch was affected by spotting along the mulclvbetspeed, and

the flow field near the she#ligher wind speed resslin faster flame spread, and the
countefflow on the ground next to the shed sttwe flame spread consideralbdyfirebrand
that is lofted can be carried Hyetflow at the top of tk vortexand depositedlose to the
shedwall, whereit can ignite combustible materials and immediately threaten the structure.
These wind flow effects were described more fully in Se@i@m

For shredded hardwood mulclpadting to the target mulch bed occurrecgimostevery
experiment, with spot fires igniting both near the wall and on the outer edge of the target
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mulch bed The exception wagest A97, performed at low wind speed a@®1m (3 ft)
separation distance, for which no spot fires ignited during the 103 min test duration.

Two experiments were performed at half of the usuaththicknessFigure36 compars

plots of flame front location as a function of time for hardwood mulch beds 2.5 cm and 5 cm
thick under the same conditions ofneli speed and separation distance. The flame spread
characteristics are very similar. Note that the flame fronT ést A-38 (half thickness) was

the farthest back from the shed when the fan was turned on (t = 0), which adoosatee

of the difference in the time needed to reach the end of the mulchilidncertainties for

these plots can be determined from the uncertainty analysis for mulch in Appefhdix
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Fig. 36. Effects of HW mulch thickness on flame spread for high wind speed and separation distance
of 1.83 m (6 ft). Black lines mark distance of each end of the mulch bed from the shed.

The second experiment performed with the HW mulch bédlathickness is plotted iRig.

37 with two full-depth experiments performed under the samditions. The flame spread

for Test A43 progresses along a neaidientical path tarest A42, until the former

experiment was ended when a spot fire in the target mulch bed reached the wall. The flame
fronts for both of these experiments were even across the width of the mulch bed, as
compared td est A8, which experiened significant spotting as the front progressed. As was
discussed in Sectioh1.2.] spot fires along the length of the mulch bed were found to
significantly affectthe rate of flame sprea@he uncertainties for these plots can be
determined from the uncertainty analysis for mulch in AppeAdx1.
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Fig. 37. Effects of HW mulch thickness on flame spread for medium wind speed and zero separation
distance from shed.

4.1.3.2. Pine bark mulch

The fire behavior of mini pine bark nugget mulch was similar to that of shredded hardwood
mulch, although firespread occurred somewhat more slowigure38 shows aime

sequence of gypical pine bark mulch experimenifter thefan was started with medium

wind speed at time t =, Gheflamefront moved toward the shed walhd expandetaterally

to the edges of the mulch p&y t = 8 min, a firebrand had ignited a spot fametheralong

the pine bark mulch bed, which grew as a separate fire until it merged with the main flame
front at about t = 15 mirA spot fire ignited directly next to the shed wall at about

t = 16 min, apparently from a firebrand deposited at the rear of tgettenulch bed.

To give an idea ahe range of fire behavior observédy. 39 shows examples from four
other pine bark mulch experiments. The flame tfiiarsome experiments was elongated as in
Fig. 39 (a), while for others the fire quickly spread to the walls and the flame front moved
forwardas a nearlgtraight line, as in (b) and (dh the case shown in (d), therning was
somewhat spotty near tflame front.

As seen irFig. 39(c), the pine bark oich left little residue after lightweight firebrands and
ash blew away in the wind field. Spotting along the mulch bed was not uncommofjdoth
38ard Fig. 39 (a) give examples. Spotting to the target mulch bed occurred in every pine
bark experiment, with spdites igniting both near the wall as kig. 39 (b) and on the outer
edge of the target mulch bed ag-ig. 39 (d).
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Fig. 38. Time sequence of pine bark mulch bed in medium wind speed with zero separation from

shed wall [Test A-99].

Fig. 39. Fire behavior examples for pine bark mulch beds with a) medium [Test A-100], b) low
[Test C-4], c) medium [Test A-72], and d) high [Test A-86] wind speeds.
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Figure40 shows the flame spread finini pine bark mulch experiments by separation

distance. All three plots demonstrate that flame spread rate increases with wind speed.
Comparison withrig. 33 for shredded hardwood mulch shows that fire spread more slowly
over the pine bark mulclyenerally doubling or more the time for the fire to reach the end of
the mulch bedThis likely results from the difference in texturas shown irFig. 8, the

shredded hardwood mulch contains long, thin particles that easily ignite and transport fire, as
compared to the chunks of mini pine bark multhe uncertaintiefor these plots can be
determined from the uncertainty analysis for mulch in AppeAdx1.

The effect of the vortex at the base of the shed on flame spreadesatet asapparenfor
some otthese plots afor the shredded hardwood mulch plots discussed ihddet.1.2.3
The flame spread rate decredaéabout 1.8 m (6 ft) from the walfor some experiments
(Tests A72 andA-55), andthe flame front mowve more slowly toward the wall after
merging with a dowwind spot firefor some(Tests A99 andA-51) However the plots for

otherexperimentgTests B83, C-4, andC-31) did notchangesignificanty in slope as the
flame front entexdthe vortex.
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Fig. 40. Effects of wind speed on flame spread for PB mulch at separation distances of a) 0 m and
0.30 m (1 ft), b) 0.91 m (3 ft), and c) 1.83 m (6 ft).
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4.1.3.3. Pine straw mulch

Pine straw mulch was found to burn intensely and rapkdgure41 shows the progression

of flames over a pine straw mulch bed in contact withtahgethardwood mulch bed at the
base of the structurBecause of the rapid fire spread, the progameerwas removed after

1 min, 30 s earlier than the normal ignition protodtle flames reached the target mulch bed
90 s after théan was turned oat medium wind speetlo ignition took place within the
shredded hardwood mulch bed for any pine straw mulcarerpnt, even though the pine
straw mulch was in direct contact with the shredded hardwood mualaddition, no spot

fires were observedhead othe flame front along the length of the mulch bEde

firebrands produced hyine strawmulchwereapparery too fineand lacking in energy
content to ignite spot fires

Later in this report (in Séion 4.3.4.3, experiments on the combination of pine straw mulch
andwestern redcedar privacy fences will be presented. Although pine straw mulch by itself
was unable to ignite fuels through lateral contact and firebrands, it was found to be effective
in supportinggnition of the fence along its length.

Fig. 41. Time sequence for pine straw mulch bed in medium wind speed [Test A-98].
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