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Abstract.

Wildland firefighters in the US are mandated to identify areas that provide adequate separation between

themselves and the flames (i.e. safety zones) to reduce the risk of burn injury. This study presents empirical models that
estimate the distance from flames that would result in a low probability (1 or 5%) of either fatal or non-fatal injuries. The
significant variables for the fatal injury model were fire shelter use, slope steepness and flame height. The separation
distances needed to ensure no more than a 1 or 5% probability of fatal injury, without the use of a fire shelter, for slopes less
than 25% were 20 to 50 m for flame heights less than 10 m, and 1 to 4 times the flame height for flames taller than 10 m. The
non-fatal injury model significant variables were fire shelter use, vehicle use and fuel type. At the 1 and 5% probability
thresholds for a non-fatal injury, without the use of a fire shelter, the separation distances were 1 to 2, 6 to 7, and 12 to 16
times greater than the current safety zone guideline (i.e. 4 times the flame height) for timber, brush and grass fuel types

respectively.
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Introduction

Wildland fire occurs in complex environments where multiple
physical processes interact to influence fire behaviour on a
variety of spatial and temporal scales (Barrows 1951; Van
Wagner 1985; Finney ez al. 2013). Wildland firefighters work in
these complex environments to protect human lives and prop-
erty but also to preserve natural values at risk such as watersheds
or wildlife habitat (Scott ez al. 2014). Sometimes while working
towards accomplishing these goals, firefighters can become
exposed to rapidly changing weather and fire conditions that
result in unanticipated consequences such as injury or death
(National Wildfire Coordinating Group 1997; Cheney et al.
2001; Werth et al. 2011). In order to minimise the risk posed by
these threats, a variety of safety protocols or orders have been
developed within the USA (e.g. McArdle 1957; National
Wildfire Coordinating Group 2014); among these is the
requirement that firefighters identify safety zones, i.e. pre-
planned areas of refuge that can be utilised without the use of fire
shelters in case of entrapment (National Wildfire Coordinating
Group 1996). When those areas are not available, smaller areas
that are large enough to prevent fatal injury but likely to result in
some kind of injury may be used as a last resort, sometimes
referred to as survival (without fire shelter) or deployment (with
fire shelter) zones (National Wildfire Coordinating Group
1996). Generally, the development, evolution and intent of
firefighting safety protocols have been to avoid entrapments
altogether by using the protocols as rules for engagement
(Brauneis 2002), systems for operational safety (Gleason 1991)
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and ways to reinforce important tactical decisions (Thorburn
and Alexander 2001).

Despite the recognition of the dangers posed by wildland
fires, numerous accounts of wildland firefighter fatalities are
reported year after year in fire-prone regions across the globe.
Recent historical summaries in Australia (1901-2011) and
Greece (1977-2013) indicated that firefighter fatalities
accounted for ~11 and 23% of the total deaths caused by
wildfire respectively, an average of ~1 death per year (Blanchi
et al. 2014; Diakakis et al. 2016). In Spain, 48% of the total
wildland fire-related fatalities between 1980 and 2010 were
either firefighters or volunteer firefighters, an average of ~4 per
year (Cardil and Molina 2015). Likewise, in Canada, Alexander
and Buxton-Carr (2011) reported 165 wildland fire suppression-
related fatalities from 1941 to 2010, an average of at least 2
fatalities per year. In the USA, between 1990 and 2006, there
were 310 deaths during wildland fire operations of which 64
were related to burnovers or entrapments, an average of ~4 per
year (Mangan 2007). In an effort to facilitate improvements in
firefighter safety, these deaths or near-misses are often followed
by attempts to gather, compile and report the factual circum-
stances that led to the entrapment through official investigations
or more informal processes, like the Facilitated Learning Analysis
(Mangan 1995; USDA Forest Service 2015). These investiga-
tions are sometimes the catalyst for major organisational or
policy changes (e.g. McArdle 1957; USDA and USDI 1995) but
their effectiveness in increasing wildland firefighter safety is
rarely quantitatively assessed.
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In order to provide wildland firefighters with estimates of the
separation distance between themselves and the flames neces-
sary for protection, several models and guidelines have been
developed. The models are generally based on identification of
the fire energy source strength, the time—temperature thresholds
for burn injury to bare skin and the distance necessary to prevent
injury (Butler 2014a). The earliest known guideline was devel-
oped by Green and Schimke (1971) in relation to fuel breaks for
high-intensity brush fires based on radiant heating. A more
recent model advanced by Butler and Cohen (1998a) was also
developed based on radiant heating, which was distilled to a
general guideline suggesting that the separation distance
between the firefighters and the flames should be at least 4
times the flame height (Butler and Cohen 1998h; National
Wildfire Coordinating Group 2014). Additionally, Zarate
et al. (2008) and Rossi et al. (2011) produced other physically
based radiant heat transfer models of safe separation distance
using similar approaches with different assumptions regarding
flame front temperature and width. Despite the wide use of these
models in operational settings, they have known limitations in
regards to their assumptions of using only radiant heating, no
wind or slope influence, failing to incorporate mechanisms of
injury other than burns to bare skin, and the lack of direct
validation in the field (Butler 2014a). Recent measurements
have shown that convective energy transport can exceed radia-
tive transport in wildland fires (Yedinak ez al. 2010; Frankman
et al. 2013). Recognising this, Butler ez al. (2015) discussed the
need for using field-measured radiative and convective values to
improve existing safety zone guidelines.

Although the requirement to identify and use safety or
survival zones by wildland firefighters can vary by country,
they are credited as being essential components of operational
safety systems (Gleason 1991; Thorburn and Alexander 2001).
Owing to their potential importance and the limitations with
current physically based models, we endeavoured to determine
if observations of the fire environment, size of the refuge area
and type of injury (i.e. fatal or non-fatal) during actual firefighter
entrapments could be used to develop empirical models. In the
present study, we define survival zone separation distance to be
a distance of sufficient Ilength from the flames that could result in
non-fatal injury but a low probability (1 or 5%) of fatal injury to
entrapped firefighters. Likewise, we define safety zone separa-
tion distance to be a distance of sufficient length that would
result in a low probability (1 or 5%) of any injury to entrapped
firefighters. The specific objectives of the present study were to
(1) determine if adequate data are available from existing reports
and investigations of firefighter entrapments to build empirical
models; (2) if so, then build models capable of predicting the
likelihood of either a fatal or non-fatal injury; (3) use those
models to determine the separation distances required to ensure a
low probability of fatal or non-fatal injury; and (4) compare
results with existing physically based models and observations
from a set of experimental fires.

Methods
Data collection

Documents that were available as of March 2016 in the Wild-
land Fire Lessons Learned Center Incident Review database
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(available at http://www.wildfirelessons.net, accessed 28 April
2017) that were classified as wildland firefighter entrapments in
the USA for the years 1910 to 2015 were downloaded and
studied. The documents were mostly agency-produced investi-
gative reports but additional supplementary material was
sometimes provided, which included staff ride information
(Keller 2002), newspaper articles and summary presentations.
All of the data compiled in the present study were obtained from
these information sources except for the Mann Gulch fire, where
a more recent review and critique of the entrapment has been
undertaken (Alexander ef al. 2009a).

The documents were reviewed for specific information about
the entrapment in terms of how the individual(s) were affected
physically (fatal injury, non-fatal injury, or neither), the wild-
land fire environment (fuels, weather and topography) in and
around the entrapment area, fire behaviour at the time of
entrapment, and the spatial dimensions of the entrapment area.
Particular emphasis was placed on gathering information related
to the key variables identified in previous research (Butler and
Cohen 1998a; Zarate et al. 2008; Rossi et al. 2011; Butler
2014a), such as flame height (or flame length) and separation
distance from the flames. An attempt was made to estimate the
variables of interest when they were not explicitly described
using photographs or other descriptive information. Those
incidents that did not have or did not allow a reasonable estimate
of separation distance from the flames during the entrapment
were excluded from the analysis. Additionally, those incidents
in which the entrapped were not stationary while taking refuge
during the initial passage of the fire front (i.e. they ran or drove
through the flames) were also excluded from the analysis. When
a particular incident had multiple entrapments that were sepa-
rated in time and space, each entrapment was treated as a unique
case. Therefore, each entrapment in the study represents a
particular set of conditions related to a specific time and location
that may have contained multiple firefighters.

Variables of interest for each entrapment were as follows:
number entrapped, number of fire shelters deployed, number of
fatalities, number of injuries, the presence and use of vehicles or
buildings during the entrapment, fuel model (Anderson 1982;
Scott and Burgan 2005), fuel type, fuel height, fuel load,
entrapment site slope steepness, weather source, air tempera-
ture, relative humidity, wind speed at eye-level, 1-, 10- and
100-h fuel moisture, live fuel moisture, rate of spread, flame
length, fireline intensity, flame height and separation distance
from the flames. We defined injuries to include any injury
described in the report that required medical attention, which
encompassed burns as well as smoke-related injuries. Fatalities
were also included in the injury tallies in order to aid in the
analysis (see below), as some entrapments had no survivors, and
would have otherwise been counted as having no injuries. The
presence of a vehicle or building was included in the analysis if
it was used as a refuge or a shield and 6 m above ground level
(20-foot) wind speed was adjusted to eye-level using a wind
adjustment factor of 0.4 for timber and 0.5 for brush and grass
fuel types (Rothermel 1983). If flame height was not reported
but flame length was, it was assumed that flame height and flame
length were equivalent (Butler and Cohen 1998a). Furthermore,
when the separation distance of the entrapped firefighters from
the flames was not directly reported, it was estimated based on
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the dimensions described, which when entrapment area size was
given in acres was taken to be the radius of a circle with an
equivalent area. If the values for the variables were reported as a
range, the midpoint was used as input for the analysis. It should
be noted that the underlying data quality is largely unknown and
likely varies from report to report. As there was no basis to
confirm or refute the reported measurements, we assume they
were made with minimal bias.

Data analysis

Two separate analyses of the same dataset were completed based
on whether a fatal injury was reported during an entrapment,
referred to as the fatal injury model, or whether a non-fatal injury
was reported during an entrapment, referred to as the non-fatal
injury model. Both analyses used all available data with the
occurrence of a fatal or non-fatal injury coded as 0 (no) or 1 (yes).

As the primary dependent variables were binomial, logistic
regression was used to estimate the likelihood of occurrence
given the set of observed independent variables by means of the
R statistical package, ver. 3.3.1 (R Core Team 2015). All
relevant interactions between independent variables were ini-
tially evaluated in the models with inclusion based on a stepwise
selection procedure using Akaike’s Information Criterion (AIC)
(stepAIC). Multicollinearity was assessed in the final models by
calculating the variance inflation factors for each independent
variable. Owing to the low sample size of the dataset, those
independent variables that were marginally non-significant
(0.1 > P > 0.05) were retained in the final models whereas others
not meeting that criteria were removed. Goodness-of-fit statistics
for the selected models included reduction in deviance compared
with the null model and the le Cassie—van Houwelingen—Copas—
Hosmer (le Cassie) unweighted sum of squares test (Hosmer et al.
1997) as implemented in the rms package (Harrell 2016). The
predictive power of the final models was evaluated using the area
under the receiver operating characteristics curve (AUC) and
McFadden’s pseudo R? (McFadden 1974) as implemented in the
pscl package (Jackman 2015). Variable importance was assessed
by determining the drop in model deviance obtained by adding the
additional variable. To aid in interpretation of the final models, the
coefficients were also reported as odds ratios.

The models obtained from each analysis were used to
estimate the separation distances required to ensure that there
was either a 1 or 5% probability of a fatal or non-fatal injury.
Specifically, the final fatal and non-fatal injury models were
rearranged to solve for separation distance given the fixed
probabilities using the standard multiple logistic regression
model form (Hosmer and Lemeshow 2000):

e2®)
P =1 =1ram ()
with the logit given by
g(x) = o + Brx1 + Boxa + -+ + Bixi, (2)

where P(Y; = 1) is the probability that a fatal or non-fatal injury
will occur, x; are the independent variables, B is the intercept,
and B; are the coefficients. The selection of the acceptable
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probability levels for fatal and non-fatal injuries as 1 or 5%
was somewhat arbitrary, being based on the importance of life
and the low probability threshold that wildland firefighters
would likely find acceptable. In reality, wildland firefighters
would judge their level of acceptable risk based on the potential
benefits v. the potential costs or losses for a specific situation
(Clancy 2011). The results of the logistic regression analysis are
presented with their coefficients so readers can use Eqns 1 and 2
to either directly estimate the probability of a fatal or non-fatal
injury for a specific situation or calculate their own separation
distance using a different risk tolerance threshold.

A one-way analysis of variance was used to determine if the
mean responses for each independent variable varied among
fuel and consequence type (fatality, injury, or neither). In this
part of the analysis, fatality cases were those entrapments where
at least one firefighter perished, whereas injury cases were
entrapments where at least one firefighter was injured, exclu-
sive of fatalities. If a significant difference was found
(o < 0.05), Tukey’s Honest Significant Difference (HSD)
multiple comparison test (Tukey 1949) was used to control
the family-wise error rate and evaluate individual differences
among fuel and consequence type.

Model evaluation

The models developed to predict the likelihood of a fatal or non-
fatal injury were compared against a set of independently
gathered field data. Specifically, the Wildfire Operations
Research branch of FPInnovations has undertaken a series of
experimental outdoor fires in which heat flux and smoke (carbon
monoxide) data were collected in either natural or man-made
openings similar to oil well sites (Alexander et al. 2009b), to
determine if firefighters could survive an entrapment (available
at http://wildfire.fpinnovations.ca/Research/ProjectPage.aspx?
ProjectNo=1, accessed 17 April 2017). Firefighter survivability
appears to have been approximately estimated using a heat flux
threshold of 7 to 10 kW m~2; however, final conclusions from
their work have not yet been published, thus the comparisons are
considered preliminary.

Results
Data summary

A total of 242 entrapment incidents that occurred in the USA
between 1910 and 2015 were reviewed, of which 65 had suffi-
cient data to conduct the analysis (see online supplementary
material for a complete listing of the data used to conduct the
analysis). Seven of the included incidents had multiple entrap-
ments, which produced a total of 72 unique entrapment cases.
The dataset covered a significant range of environmental and
fire behaviour conditions (Fig. 1, Table 1). The entrapments
occurred between 1937 and 2015, mostly in the western USA,
with the years 2000-09 having the highest number of entrap-
ment cases with a fatality (Fig. 2). Entrapments were most
common (ordered by number of cases) in August, July and June,
with the primary fuel types being timber (38 cases), brush (26
cases) and grass (8 cases). The cases occurring in timber fuel
types had the highest mean number of people entrapped, shelters
deployed, fuel height and flame height. Other differences in fuel
and flame height between the grass and brush fuel types were not
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Fig. 2. The frequency of entrapment cases, by decade and consequence
type, used in the analysis. Decade corresponds to the period from the
beginning of the decade (e.g. 1980) to the end of the decade (e.g. 1989).
The fatality consequence type represents cases where at least one firefighter
perished during the entrapment, whereas injury cases represent entrapments
where at least one firefighter was injured, exclusive of fatalities.

Fig. 1. The range of observed separation distances, flame heights and
slopes for the 72 entrapment cases used to conduct the analysis. Those cases
with a reported fatality are noted by a triangle.

Table 1. Summary statistics for the 72 entrapment cases used to conduct the analysis, categorised by fuel type, for
the following independent variables: number entrapped (ET), number of fatalities (FT), fuel height (FH) and separation
distance (SD)

Analysis of variance results are reported with the multiple comparisons when there was a significant difference between the
mean values among fuel type. Different superscript letters within a cell indicate a significant difference. Wind speed was measured
at eye-level

Measure ET Sheltersused  FT  Injuries FH (m) Slope (%) Wind® (ms~') Flame height (m) SD (m)
Fuel type: brush (n =26)

Mean 5.7 2.9 2.6 3.7 2.5 31.8 8.7 124 17.3

Standard deviation 53 5.6 5 4.6 13 27.5 8.2 8.7 323

Median 4 2.9 0 2 1.8 29 6.5 9.6 5.5

Minimum 1 0 0 0 0.61 0 1.3 1.8 0

Maximum 20 20 19 19 6.1 85 335 30.5 160
Fuel type: grass (n =8)

Mean 1.9 1 0.1 0.6 0.6 9.4 6.7 3 13.7

Standard deviation 1 1.3 0.4 0.7 0.25 17.5 42 1.6 14.2

Median 1.5 0.5 0 0.5 0.53 1.5 4.7 32 7

Minimum 1 0 0 0 0.3 0 3.1 0.9 1.8

Maximum 3 3 1 2 0.9 50 16.1 5.5 36
Fuel type: timber (n =38)

Mean 16.1 13 0.8 2.9 16.5 252 7.4 32.8 24.5

Standard deviation 21.3 20.7 2.6 8.4 43 222 6.6 18.6 29.3

Median 6.5 35 0 0 15.2 20 4.5 30.5 15.6

Minimum 1 0 0 0 6.1 0 0.89 3.4 0

Maximum 107 107 15 51 25 70 26.8 79.9 160.6
F-value 4.7 4.14 2.44 0.65 175 2.78 0.38 22.7 0.73
P>F 0.01 0.02 0.09 0.53 <0.01 0.07 0.68 <0.01 0.49
Comparisons (« < 0.05) Brush® Brush® Brush® Brush®

Grass™©  Grass™© Grass™ Grass”
Timber®€  Timber®* Timber® Timber®

A Eye-level wind speed
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Table 2. Mean (£standard error) values for several of the independent variables used to conduct the analysis, categorised by consequence type
(fatality, injury, or neither) for cases when no fire shelter was used (NS) and when a fire shelter was used (S)
Fatality cases represent entrapments where at least one firefighter perished during the entrapment, whereas injury cases represent entrapments where at least
one firefighter was injured during the entrapment, exclusive of fatalities. Analysis of variance results are shown for comparisons among consequence type by
independent variable. Wind speed was measured at eye-level

Fuel height (m) Slope (%) Wind speed (ms ") Flame height (m) Separation distance (m)  Separation distance/
flame height ratio
NS S NS S NS S NS S NS S NS S
Fatality fires 6.7+2.3 159432 43+7 37+11 95+25 44+17 19.1+6.1 31.1+69 102+4.0 30£19 08+03 0240.1
Injury fires 34+1.7 8.6+1.7 27+10 14+4 46+09 73+14 128+3.7 204+4.0 11.5+34 172+3.7 1.8+08 15+0.6
Neither 89433 125+1.6 21+£10 23+5 12.1+58 84+14 11.5+£53 27.8+42 159+55 369+88 94475 25409
F-value 1.01 2.47 1.78 2.45 1.41 1.03 0.51 1.08 0.38 3.44 2.56 1.15
P>F 0.38 0.10 0.19 0.10 0.26 0.37 0.61 0.35 0.69 0.04 0.10 0.33
50 Table3. Logistic regression model fit parameters, including deviance,
Fire shelter use coefficients and standard errors (s.e.), used to predict the likelihood of a
No fatal injury during an entrapment
40 1 Yes
13 Variable Deviance Coefficient s.e. z-value P>zl Odds
8 ratio
S 30+
5 Intercept 81.0 -0.84 077 —-1.09 0.276
'g Slope (%) 71.2 0.03 001 231 0.021 1.03
o Separation 60.2 —0.11 0.05 —238 0.018 0.90
= 20 .
g distance (m)
2 Fire shelter use 56.4 —-1.69 074 —-228 0.023 0.18
(%} Flame height (m) 52.3 0.04  0.02 1.96 0.051 1.04
10 A
ol variables: slope steepness, separation distance, the use of a fire
Fatality Injury Neither shelter and flame height (Table 3). Overall model fit was good

Consequence type

Fig.3. The mean separation distance by consequence type and fire shelter
use for the 72 entrapment cases used to conduct the analysis. The error bars
correspond to the standard error for each category. Fatality cases represent
entrapments where at least one firefighter perished during the entrapment,
whereas injury cases represent entrapments where at least one firefighter was
injured, exclusive of fatalities.

statistically significant as there was considerable variation in
their heights.

Analysis of several independent variables grouped by conse-
quence type (fatality, injury, or neither) indicated that most of
the mean values were similar (Table 2). The main difference
among consequence type was seen with the mean separation
distance and the ratio of separation distance to flame height
(SDFH). Specifically, as consequence of the entrapment
increased (neither < injury < fatality), the mean separation
distance and SDFH decreased (Fig. 3). Separation distances for
entrapments when a fatality occurred were on average less than
10 m whereas those entrapments lacking either a fatality or an
injury had on average separation distances greater than ~15 m.

Fatal injury model (survival zone separation distance)

The best-fitting model predicting the likelihood of a fatal injury
during an entrapment contained four significant independent

based on change in deviance (deviance = 52.3, P > x> = 0.91)
and the le Cassie goodness-of-fit test (P = 0.189); null
hypothesis was that the selected model was adequate. The pre-
dictive power of the final model was moderate based on
McFaddens R? (0.35) and AUC (0.89) with the variance infla-
tion factors indicating little evidence of multicollinearity,
i.e. value < 2.5. Variable importance analysis, as measured by
the contribution to a drop in model deviance, indicated that
separation distance was the most important variable, followed
by the use of a fire shelter, slope steepness and flame height. The
modelled odds ratios suggested that for each unit increase in
slope (%) and flame height (m), the odds of a fatal injury
increased by 3 and 4% respectively. Conversely, for each metre
increase in separation distance, the odds of a fatal injury
decreased by 11%.

The predicted probabilities plotted by separation distance,
slope steepness, flame height and fire shelter use demonstrated
the relative importance of these variables on the likelihood of a
fatal injury (Fig. 4). Clearly, the importance of a fire shelter in
decreasing the probability of a fatal injury is confirmed (column
1 v. column 2); however, it appears the effect decreases as slope
steepness increases (Fig. 4e, ).

The separation distances (expressed as the ratio of separa-
tion distance to flame height) needed to ensure that the
probability of a fatal injury is no more than 1 or 5% were
plotted by slope steepness, flame height and fire shelter
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Fig. 4. Predicted probabilities of a fatal injury during an entrapment plotted by separation distance and flame height
for cases when a fire shelter is not used (column 1) and used (column 2) for slopes of 0% (a and b); 25% (c and d); and

75% (e and f).

use along with predictions from existing physically based
safety zone models (Fig. 5). Inspection of the plots at the 1%
probability level indicates that for flame heights below 10 m
and slopes less than 25%, the separation distances required for
surviving an entrapment without and with a fire shelter range
from 40 to 50 m and 20 to 30 m respectively. At the 5%
probability level, the required separation distances for flame
heights less than 10 m and slopes less than 25% range from 20
to 30 m and 5 to 15 m without and with a fire shelter
respectively. These values are generally higher than the values
predicted for safety zones using the physically based models.
However, at flame heights exceeding 10 m, for all combina-
tions of fire shelter use and probability level, the required
SDFH ratios decrease and eventually become lower than Butler
and Cohen’s (1998a) model but similar to the models proposed
by Zarate et al. (2008) and Rossi ef al. (2011), generally
ranging from 1 to 4 times the flame height.

Non-fatal injury model (safety zone separation distance)

The best-fitting model predicting the likelihood of a non-fatal
injury during an entrapment contained four significant inde-
pendent variables: the use of a fire shelter, separation distance,
fuel type and the use of a vehicle (Table 4). Overall model fit was
good based on change in deviance (deviance = 72.2,
P > x* = 0.252) and the le Cassie goodness-of-fit test
(P =0.878). The predictive power of the final model was poor to
moderate based on McFaddens R* (0.26) and AUC (0.84), with
the variance inflation factors indicating little evidence of mul-
ticollinearity. Variable importance analysis indicated that the
use of a fire shelter was the most important variable followed by
separation distance, the use of a vehicle, fuel type and the fire
shelter—vehicle interaction. The modelled odds ratios showed
that for each metre increase in separation distance, the odds of a
non-fatal injury decreased by 3%. Additionally, a change in fuel
type from brush to grass and from brush to timber decreased the
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Fig. 5. The predicted separation distance flame height ratios required to ensure a 1 or 5% probability of a fatal injury. Predictions are shown
without a fire shelter (left column, @ and ¢), and with a fire shelter (right column, b and d) for the 5% (top row, a and b), and 1% (bottom row, ¢ and
d) probability thresholds. Estimates of the separation distance flame height ratios from three physically based safety zone models are shown for
comparison: Butler and Cohen (1998a), solid line; Rossi e al. (2011), dashed; Zarate et al. (2008), long dash.

Table4. Logistic regression model fit parameters, including deviance,
coefficients and standard errors (s.e.), used to predict the likelihood of a
non-fatal injury during an entrapment

Variable Deviance Coefficient s.e. z-value P>|z] Odds
ratio

Intercept 97.1 408 125 327 0.001

Fire shelter use 90.2 —239 1.17 —2.04 0.042 0.09

Separation 81.8 —0.03 0.02 —2.01 0.044 0.97

distance (m)

Fuel type: grass 77.1 —-2.07 1.09 —-1.89 0.059 0.13

Fuel type: timber 77.1 —1.35 072 —1.88 0.061 0.26

Vehicle use 76.3 —2.62 134 —-195 0.051 0.07

Shelter x vehicle use ~ 72.2 282 149 1.89 0.059 16.77

odds of a non-fatal injury as well as the use of a fire shelter or a
vehicle. However, the use of a vehicle and a fire shelter during an
entrapment increased the odds of a non-fatal injury.

The predicted non-fatal injury probabilities plotted by fire
shelter use, vehicle use and fuel type confirmed that the use of a
fire shelter or a vehicle during an entrapment was important to
decreasing the probability of a non-fatal injury, although the
effect was not present when both a fire shelter and a vehicle were
used together (Fig. 6). Across all scenarios, entrapments occur-
ring in a brush fuel type had the greatest probability of a non-
fatal injury, followed by the timber and grass fuel types.

The separation distances required to ensure that the proba-
bility of a non-fatal injury during an entrapment was either 1 or
5% were plotted by fuel type, vehicle use and fire shelter use
(Fig. 7). Without a fire shelter or vehicle, the required separation
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Fig. 6. Predicted probabilities of a non-fatal injury during an entrapment plotted by fuel type and separation distance for cases when
fire shelters are not used (left column, a and ¢), and when they are used (right column, b and d). Also included are predicted probabilities
when vehicles are not used (top row, a and b) and when they are used (bottom row, ¢ and &). The line types for the different fuel types are:

brush, solid; grass, dashed; and timber, long dash.

distances at the 1% probability level were 275, 209 and 232 m
for the brush, grass and timber fuel types respectively. Com-
pared with this maximum level, the required separation dis-
tances dropped by 52 and 83 m across all fuel types when either
the probability threshold changed to 5% or a vehicle was used
respectively. When a vehicle was used and the probability
threshold was set to 5%, the separation distances decreased by
~136 m across all fuel types, compared with the maximum
separation distances. Additionally, the use of a fire shelter
decreased the required separation distances by ~76 m for both
the 1 and 5% probability thresholds, without a vehicle, across all
fuel types.

Comparison of the results with the rule-of-thumb for safety
zone separation distance in the USA (i.e. 4 times the flame
height) when the observed median flame heights by fuel type
were used indicates that the predicted separation distances from
the empirical model were higher in the majority of cases.
Specifically, the current rule-of-thumb guidelines suggested
that separation distances should be at least 38 m for brush,
13 m for grass and 122 m for timber fuel types. These values are
~7, 15 and 2 times lower than the maximum predicted values
using the empirical model for the brush, grass and timber fuel
types respectively, at the 1% probability level without a fire
shelter or a vehicle.

Model evaluation

Comparison of the predictions from the empirical models
developed in the current study with the results from seven
experimental fires conducted in northern Canada by FPInno-
vations indicated that there was a significant likelihood that
entrapped firefighters would be injured in all cases, with a mean
probability of a non-fatal injury of 88% (Table 5). This is in
agreement with the purpose of the experimental fires, that is ‘to
characterise the size of the ideal survival zone’ (Baxter 2009),
with the understanding that firefighters could be in a very
uncomfortable situation if they had to use such an area. Those
experimental fires that were deemed potentially survivable had a
mean probability of fatal injury of 16%, which was lower than
the mean value of 25% for those fires that were considered not-
survivable. Only one experimental fire appeared to meet our
definition of a survival zone with a probability of a fatal injury
less than 5%, which was for the fire that had a separation dis-
tance of 25 m.

Discussion

The development and testing of tools to predict the separation
distances needed to protect wildland firefighters during
entrapments is an important yet largely understudied area of
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wildland fire research. Most attempts to quantify safety zone
separation distance have been based on modelling the physical
processes dictating radiant energy transfer and burn injury to
bare skin. The results of the current study represent the first
attempt to use data collected following wildland firefighter
entrapments to build empirical models. Several important

No fire shelter

(a) 350
W No vehicle — 1%
300 M No vehicle - 5%
Vehicle - 1%
250 Vehicle - 5%
200
150
100
E 50
3
s O
5 Brush Grass Timber
2
= .
S Fire shelter
% (D) 350
©
© 300
(9]
250
Brush Grass Timber
Fuel type

Fig. 7. Required separation distances by fuel type and vehicle use needed
to ensure that the probability of a non-fatal injury is either 1 or 5% when fire
shelters are not used (@); and when they are used (b). Horizontal bars
represent the separation distance that is 4 times the median flame height by
fuel type.

Table 5.
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findings have been revealed as a result of using this alternative
approach.

The value of fire shelters or vehicles as an option of last resort
has been described by entrapment survivors for years (Mangan
1997; Butler and Putnam 2001; Anderson 2003; Putnam and
Butler 2004); however, their effect on changing the likelihood of
a fatality or an injury has never been quantified. The results from
the present study confirm that the use of fire shelters signifi-
cantly lowers the likelihood of any kind of injury under condi-
tions experienced during entrapment events. However, steep
slopes seem to limit fire shelter effectiveness, possibly owing to
the impacts of increased convective heating on the fire shelter
material (Butler and Putnam 2001; Butler e al. 2015). Addi-
tionally, the empirical models support the belief that vehicles
(including dozers) can be used as places of refuge or as shields
during entrapments (Mangan 1997). Despite the effectiveness of
fire shelters and vehicles, the use of both during an entrapment
seems to slightly increase the likelihood of a non-fatal injury.
The underlying reason for this relationship is unclear but it may
be an artefact of our methodology. We treated each entrapment
(potentially containing many firefighters) rather than each
firefighter as our sampling unit. Thus, during a given entrap-
ment, different firefighters may have used different secondary
protection strategies. This potentially masks the true effect of
using both a fire shelter and a vehicle during an entrapment for a
single or small group of firefighters, as is sometimes done with
fire curtains (available at http://www.stormkingmtn.com/index.
cfm?Section=23andpagenum=190, accessed 21 April 2017).

The effect of wind and slope on separation distance was only
partially incorporated into the empirical models. Slope steep-
ness has been reasoned as a potential contributor to safety zone
size (Rossi ef al. 2011; Butler 2014b) as it is well recognised in
aiding convective and radiative heat transfer and thus forward
rate of spread (Rothermel 1972; Van Wagner 1977; Dupuy and
Maréchal 2011). Here, we found that the probability of a fatal
injury was directly related to slope steepness, where for each
percentage point increase in slope, the odds of a fatal injury
increased by 3%. However, the effect of slope steepness was not
significant in the model developed to predict the likelihood of a
non-fatal injury. Likewise, we failed to find a significant wind
speed effect for both models, which is also a substantial
contributor to convective and radiative heat transfer (Cheney

Comparison of results from a set of experimental fires in northern Canada with the predicted probabilities of fatal and non-fatal injuries

calculated using the empirical models developed in the present study
Survivability, as defined by Baxter (2009, 2010; 20124, 20125, 2014), is most directly related to the probability of a fatal injury, that is, the probability that a
firefighter would not survive an entrapment. Note that the FPInnovations results are preliminary and a final report has not yet been published. The ‘survivable’
designations are interim conclusions from the report

Source Fuel type Flame Slope (%) Separation Survivable Probability of Probability of
height (m) distance (m) fatal injury (%) non-fatal injury (%)
Baxter 2014 Timber 14 0 6.5 No 27.0 92.6
Baxter 2012a Timber 12 0 25 Yes 4.3 87.8
Baxter 2012h Grass 1 0 5 Yes 20.6 86.5
Baxter 20125 Grass 1 0 7.5 Yes 16.5 85.6
Baxter 2010 Grass 2 0 5 Yes 21.2 86.5
Baxter 2009 Grass 2 0 2.5 No 26.2 87.4
Baxter 2009 Grass 2 0 5 No 21.2 86.5
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et al. 1993; Catchpole et al. 1998; Frankman et al. 2013). Slope
and wind can alter flame geometry through changes in flame
angle, which increases flame length (Weise and Biging 1996)
and heat transfer by radiation (Albini 1985). However, flame
length is difficult to measure in the field (Rothermel and
Rinehart 1983). In the present study, we used flame height to
represent flame geometry, although flame length was used when
flame height was not reported. The lack of statistical signifi-
cance of wind speed could be related to our use of both flame
height and flame length and also to the lack of quality on-site
measurements immediately before the entrapments.

The significant independent variables included in the final
models were generally similar to those determined to be impor-
tant in the physically based models but they were not consistent
between models. For example, the model for non-fatal injuries
did not contain a significant flame height effect, but rather fuel
type was determined to be a better predictor of non-fatal injury,
where the brush fuel type was found to be the most dangerous
followed by the timber and grass fuel types. Given that flame
heights are generally different among fuel types, the average
effect of flame height was indirectly incorporated into the final
non-fatal injury model through the fuel type dependence. The
consequence of this model form is that the predicted separation
distances for safety zones are static and do not change based on
predicted or observed changes in fire behaviour. This simplifies
the selection and determination of adequate safety zones but also
leads to an overestimation of separation distance, especially for
environmental conditions that produce less than extreme fire
behaviour. The overprediction is quite apparent in the estimated
separation distances for the grass fuel type using the probability
of a non-fatal injury model (separation distance >200 m). This
distance seems quite extreme, especially when the median value
for flame height based on the eight entrapment cases was 3.2 m,
which is 60-70 times lower than the estimated separation
distance. The excessively high separation distance may be
related to the high proportion of these incidents with injuries
(50%), the frequent utilisation of fire shelters found in these
eight cases, and the limited size of the dataset.

The proposed non-fatal injury model suggests that safety
zone separation distances should be substantially larger than
currently recommended by physically based models, especially
when the risk tolerance threshold is set to a value representative
of the importance of life. Several factors could be causing this
difference, which include addressing a known underprediction
bias in the physical models, determination of the actual proba-
bility level that is acceptable for non-fatal injuries and model
quality. Underprediction of separation distance in the current set
of physically based models is likely related to the failure to
include the effects of convective heat transfer on safety zone size
(Zarate et al. 2008; Butler 2014a, 2014b) and the use of burns to
bare skin as the only mechanism of injury. A safety zone should
be an area of sufficient size to ensure that firefighters remain
uninjured from all possible injury mechanisms including exces-
sive inhalation of smoke or hot combustion gases (National
Wildfire Coordinating Group 1996). Wildland firefighter sensi-
tivity to smoke, both short- and long-term, has been previously
recognised as a significant health risk (Reinhardt and Ottmar
1997; Broyles 2013) and as such, it is likely a source of
respiratory-based injuries. Thus, safety zone separation distance
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should increase beyond the burn injury limit to accommodate the
effects of excessive smoke exposure. Differences between the
physical and empirical models may also be related to an overesti-
mate of separation distance caused by difficulties in determining
and justifying an acceptable likelihood of an injury. Owing to
underlying model form, predicted non-fatal injury probabilities
never reach zero and tend to have long right-skewed tails, which
produces large increases in required separation distance for
relatively small changes in probability. For example, we provide
details for two risk tolerance thresholds (1 and 5%) and found that
in the case of the non-fatal injury model, the required separation
distances dropped by over 50 m for all fuel types when the level of
risk increased from 1 to 5%.

The model evaluation results indicated that both the fatal and
non-fatal injury empirical models were sensitive to changes in
separation distance, fuel type and flame height across the range
of values reported in the set of experimental fires. The high
probability of non-fatal injury for all seven experimental fires
confirmed that none of the areas tested were suitable to be used
as safety zones, which was in agreement with the purpose of the
experimental fires. However, of the four fires that were consid-
ered potentially survivable, only one met our criteria of a
survival zone, having a probability of a fatal injury less than
5%. This discrepancy could potentially be attributed to the status
of the experimental fire project, i.e. the results are preliminary,
and the criteria used to determine survivability for both the
experimental fires (7—10 kW m ™2 heat flux threshold) and in the
current study (<5% probability). A more complete evaluation
could be undertaken with a more detailed and finalised field
dataset and more rigorous criteria for determining survivability.

Study limitations

As with all empirically based models, their interpretation and
applicability is limited to the range of values used to develop
them. In the present study, the data capture a fairly broad array of
fire behaviour conditions but lack a large number of cases where
separation distances are greater than ~80 m. Additionally, there
were only five cases where no injury (fatal or non-fatal) was
reported and a fire shelter was not used. The low sample size
under these less-than-extreme conditions can be attributed to the
nature of the circumstances in which the data were compiled
(i.e. data mostly come from reports of entrapments that resulted
in an injury or fatality). Although the results may be useful for
comparisons with other parts of the world, they should only be
considered pertinent to fuel conditions that are similar to those
encountered in the USA. However, other countries and regions
may find the methodology useful for conducting an analysis
specific to their unique environments.

Based on the nature of the dataset and the low risk tolerance
thresholds used, the separation distances presented are conser-
vative in nature and potentially overpredicting what may actu-
ally be required when conditions are less than severe. As such, it
is recommended that the results primarily be used to guide
application of current safety zone guidelines, to identify
research needs and for comparisons with future models that
attempt to incorporate the effects of convective heat transfer on
safety zone size (Butler 20145). However, wildland firefighters
may find the results of both the fatal and non-fatal injury models
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useful for discussion, such as to why the large distances may be
needed, the relative benefits of seemingly slight increases in
separation distances and to aid in identification of potential
survival and deployment zones if escape routes to safety zones
become cut off.

Owing to the issues described above, the dataset could be
improved through the inclusion of cases where no fatalities or
injuries occurred and no secondary means of protection was
necessary (i.e. a fire shelter or vehicle), in other words, a
success. Although these types of cases may happen frequently,
they are generally not reported. Additionally, a better adherence
to the guidelines proposed by Mangan (1995) by investigation
teams in future wildland firefighter entrapment reports, particu-
larly when describing the entrapment area and fire environment,
would likely benefit future attempts to build and improve
empirically based models.

Conclusions

The analysis of documents produced in response to wildland
firefighter entrapments in the USA have demonstrated the
potential use of these data to better understand the factors that
influence the likelihood of fatal and non-fatal injuries. The
results have confirmed the important role that fire shelters play
in protecting wildland firefighters and how the use of a vehicle
for refuge or as a shield can also help safeguard firefighters. The
analysis similarly showed the potential for the data to be used to
estimate the separation distances needed to protect firefighters
from death or injury. Comparisons of the results with existing
physically based safety zone models indicate that the empirical
models are generally more conservative in terms of the required
separation distances (i.e. they require greater separation dis-
tances when the risk tolerance threshold is representative of the
importance of protecting life). The reasons for the differences
could be related to several factors, including the nature of the
dataset used to construct the models, the underestimation of
separation distance in the physically based models and model
quality.

Continued improvement in the ability of empirically based
methods to accurately estimate wildland firefighter safety
and survival zone separation distances is likely when the
importance of specific details in entrapment investigation
reports is more fully recognised, especially in terms of descrip-
tions of the entrapment area and the fire environment, and where
additional data are collected when safety zones perform as
designed. Additionally, a common poor practice is to evaluate
safety zones separately from the paths to those safety zones
(i.e. escape routes), when in reality neither can be successful
without the other. Many entrapments occur while firefighters are
en route to some perceived safety zone. Thus, additional work
should include an evaluation of methods to assess escape route
viability. This coupled with ongoing improvements using phys-
ically based methods will no doubt give firefighters a better
understanding of the factors that affect safety zone size, escape
route locations, and how they can be better incorporated into
operational planning.
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