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Fire Exposure of People in Shelters
By A. Broido and A. W. McMasters

Pacific Southwest Forest and Range Experiment Stafion
U. S. Department of Agriculture, Forest Service

To study fire exposure to people in
civil defense shelters, measurements of
temperatures and oxygen and carbon
monoxide concentrations were made in
simulated shelter vents on a series of
planned fires ranging in size from a
single schoolroom to 900 tons of fuel
spread over 9 acres. The results demon-
strate that extreme carbon monoxide
concentrations may be expected in large
scale fires burning out of doors. How-

The work described in this paper was sponsored
by the Office of Civil and Defense Mobilization and
was in part presented at Palo Alto, California, in
April 1960 to the Western States Section of the
Combustion Institute. More detailed description
of the fires is included in Technical Paper No. 50,
the Pacific Southwest Forest and Range Experi-
ment Station, entitled “‘Effects of Mass Fires on
Personnel in Shelters.”

ever, they indicate that closure of - 1e
vent system to protect against fire ef _cts
will seldom, if ever, be necessary for
more than an hour or two if the vents
are located so that they will not be
covered by rubble. If the vents are
covered by rubble, closure for a period
of days may be required.

Recommended civil defense shelters
range from thick reinforced-concrete
blast shelters down to makeshift fall-
out shelters in individual residences.!
Nuclear detonations are expected to
produce large area fires,” and many sit-
uations may be expected in which cer-
tain shelters will survive the effects of
the fire, while the shelter occupants will
not survive unless precautions are taken

For superior number references see page 12.

Figure 1.

View of first Richmond test fire 33 minutes after ignition (described on page 5).
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to protect them against toxic gases and
heat. The need for these precautions
may continue for hours in situations
where the fire smolders around or over
such shelters.

Need for Fire Exposure Data

Human tolerances of the wvarious
effects which may cause deaths in fire-
resistive shelters have been determined
in studies of fire fighting, submarine,
and manned-rocket operations.® % & &7
Not so well established is the nature of
the life hazard to be expected in shel-
ters located in areas where there are
severe ground-level fire exposures. Al-
though a number of designs and types of
shelters have been tested for blast and
radiological protection, the fuel-free
terrain in which these tests have taken
place have offered no opportunity to
study the effects of mass fires over and
around the shelters.

Wartime Experience Not Definitive

In the mass fires resulting from air
attack during World War II, many
people lost their lives in shelters in fire
areas.’? The greatest number of deaths
occurred in basements or makeshift shel-
ters. In many cases, positions of the
cotpses indicated that death came peace-
fully and unexpectedly. A frequent
assumption is that death was due to
carbon monoxide poisoning. However,
cause of death has also been attributed
to such effects as (a) asphyxiation re-
sulting from the depletion of oxygen
either through conversion to carbon
dioxide or by suction created within the
burning area, (b) the effects of inhaling
hot blasts of air, and (c) roasting of the
shelter occupants as a result of heat
transfer into the shelter. The confusion
which still exists concerning the sources
of hazard is exemplified by the apparent
inconsistency between reports of past
experiences and present practice in Ger-
many. Although most reports describ-

ing the great German fires of World War
1T list carbon monoxide as the principal
cause of deaths, current shelter plans of
the West German Government ignore
carbon monoxide and call for sand filters
to remove heat from the ventilation
air.1?

Just as the evidence obtained in war-
time fires has proved to be too conflict-
ing for unequivocal interpretation, so
have data from past experimental fires
led to conflicting interpretations. Thus,
evidence for carbon monoxide poisoning
as a possible explanation comes from a
series of “‘burn-out’ tests conducted in
an experimental dwelling-room.!' In
these tests the production of toxic con-
centrations varied considerably, depend-
ing on the supply of air to the fire and
its path through the room, but a
maximum concentration of 13.8 per
cent carbon monoxide was reached
between the sixth and eleventh minutes
in one of the fires. On large-scale out-
door fires,'? on the other hand, attempts
to measure carbon monoxide concentra-
tions sufficiently high to produce death
have not been successful.

Limitations of This Study

The study reported here was under-
taken in an attempt to resolve some of
the existing conflicts. The scope of the
study was dictated by limited man-
power and a very limited budget. Funds
allocated for the project did not permit
construction of full-scale shelters or
large-scale fires exclusively for project
use. Practically all field testing was
accomplished with simulated shelter
vents on fites planned for other purposes.

Test Fires for This Study

The fires included a series of tests
in structures being demolished in sev-
eral California cities — tests which
were undertaken primarily to check
out and calibrate instruments impro-
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vised from a variety of surplus military
parts, but which served also to provide
much interesting data. Five such fires
were instrumented: two in one class-
room of the Robert Louis Stevenson
Junior High School, being demolished
in Los Angeles,* two in buildings which
had been turned over to the Richmond
Fire Department for destruction in con-
nection with a redevelopment project,
and one in an El Cerrito municipal
building which was being razed.

In addition, the East Bay Municipal
Utility District made a large-scale burn
possible by requesting aid from the
Experiment Station in clearing about
100 acres of wooded land for a reservoir
site near Orinda, California. To clear
the site, trees and brush were bulldozed
into windrows for subsequent drying
and burning. The fire instrumented
for these studies consisted of 11 wind-
rows covering a total of about 9 acres,
with an estimated fuel loading of 900
tons oven-dry weight.

Finally, an invitation to participate in
a U. S. Navy shelter design study per-
mitted a proof test of previous assump-
tions and conclusions in a large area
burn involving about 300 tons of fuel
stacked in a 4-acre plot around a full-
scale shelter at Camp Parks, Pleasanton,
California.

Air Sampling

Most of the measurements made dur-
ing the course of this project can be
grouped into two categories: tempera-
ture measurements and gas concentra-
tion measurements. Vacuum pumps
(i.e., vacuum cleaners) were used to

*This school was offered by the Los Angeles
Board of Education to the Los Angeles Fire Depart-
ment for the purpose of conducting fire tests to
answer questions raised as a result of the tragic fire
at the Our Lady of the Angels School, Chicago,
Illinois, on December 1, 1958. The official report
of those tests, entited ““Operation School Burn-
ing,”" was published in 1959 by the NFPA.

draw air first through vents instru-
mented for temperature measurements,
then through a cooling bath to cool the
gases before their entry into appropriate
gas concentration measuring devices.

On the basis of discussions with
engineering personnel of the U. S. Office
of Civil and Defense Mobilization, sim-
ulated intake vents were made of 4-inch
steel pipe 3 feet long, designed to extend
2 feet above grade, and equipped with a
protective cap on the inlet end. For the
preliminary calibration tests at the
Stevenson Junior High School, the cap
was removed and replaced by a 10-foot
section of 4-inch inside-diameter galvan-
ized sheet steel pipe. Individual tubes
were run through the pipe to measure-
ment locations at heights of 2, 6, and
10 feet above the floor. For all of the
other experiments, air was drawn
directly into the vent itself.

In addition to these stationary vents,
a portable probe was used in several
experiments to check temperatures and
gas concentrations which could be ex-
pected if a vent were buried under the
rubble smoldering after the flames had
died down.

Temperature Measurements

Through simple computation it may
be shown that heat transfer through
walls of a shelter 3 feet underground
may usually be ignored as a mechanism
for producing casualties to personnel
therein. Therefore the only heat trans-
fer mechanisms considered were the con-
duction of heat into the shelter through
the walls of the shelter vents and the in-
take of hot gases through these vents.
For measurements of pipe wall tempera-
tures, chromel-alumel thermocouples
were chosen because of their ability to
measure temperatures up to 2,500°F. To
keep the instrumentation simple, it was
decided to mount identical thermo-
couples in the gas streams flowing
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through the vents and later to correct
the thermocouple readings to true gas
temperatures.” The corrections to true
gas temperatures were made by consid-
ering the vent-thermocouple system as a
large, shielded, aspirated thermocouple
and using the procedure suggested by
Fishenden and Saunders.'?

Except for the first two calibration
runs, temperature Mmeasutements were
made just beneath the vent cap, and at
distances of 1, 2, and 3 feet below the
cap. At each location, thermocouples
were installed in the gas stream and in
the pipe wall. Several vents had ther-
mocouples installed at more than one
point at the same height to investigate
radial asymmetry of the temperature
distribution.

Gas Concentration Measurements

Because most fires were to be limited
to wood fuels, it was decided to limit
continuous gas concentration measure-
ments to oxygen and carbon monoxide.
Continuous oxygen measurement was
made with a Thermco Instrument Cor-
poration Model P-9 Oxygen Analyzer
modified for connection to recording
equipment. This instrument utilizes
the paramagnetic properties of oxygen
for the analyses.

Continuous carbon monoxide meas-
urements were made with instruments
developed from surplus detectors which
had previously been used as warning
devices in aircraft. These detectors

*Since the actual temperatures experienced in a
shelter which draws hot air through a vent would
depend greatly upon the heat capacity of the shel-
ter contents, no attempt was made to compute
shelter temperatures which might result from che
entering air. The importance of such heating is
seen by comparison with the hear generated by
shelter occupants, For example, in a five-man
shelter drawing the recommended minimum ven-
tilation rate of 5 cubic feet per minute per person,
the heat output of the occupants would be 2,000
Btu per hour while ventilation air entering at a
temperature of only 1,000°F would carry into the
shelter a net heat of 28,000 Btu per hr.

Figure 2. EIl
shortly after ignition (described on page 5).

Cerrito municipal building

split the flow of a gas sample through
two cells connected by a thermopile.
One cell contains activated hopcalite
which catalyzes the oxidation of carbon
monoxide. The resulting temperature
difference between the two cells is a
function of the carbon monoxide con-
centration in the air being sampled.

In addition to the continuous gas
analysis instruments, a gas sampling
device was constructed which would
handle six sampling bottles in sequence.
Upon signal, the valves of one bottle
open, a vacuum pump draws a gas
sample into the bottle, the valves are
automatically closed, and the unit posi-
tions itself to take the next sample.
The bottled samples were analyzed using
a Beckman IR-4 Infrared Spectropho-
tometer with a 10-meter-path length
gas cell.§

Calibration Tests

The two fires in the schoolroom were
ignited in scrap lumber and permitted to
burn until, in the opinion of the Los
Angeles Fire Department, they were

{The analyses were carried out by Dr. Milton
Feldstein, Laboratory Director, San Francisco Bay
Area Air Pollution Control District,
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endangering the floor above. In each
case they were extinguished before the
fuel at the base of the vent (located in
the center of the room) could be burned.
Under these circumstances, measured
temperatures were much higher at the
ceiling than they were at the lower air
intakes — exceeding 1,800°F 7 minutes
after the start of one of the fires. At the
2-foot intake on this same fire, the car-
bon monoxide concentrations reached
lethal levels within 5 minutes (concen-
trations over 1 per cent cause immediate
unconsciousness and death within 3
minutes®) and by the time extinguish-
ment was started (at 12 minutes) the
oxygen concentration had dropped to a
dangerous level (10 per cent).

The first Richmond test (Figure 1)
was conducted in a 2-story four-apart-
ment building, measuring 50 feet by
28 feet, with stucco-covered exterior,
sheetrock-covered interior, oak floors,
and scrap lumber to simulate furnish-
ings. The intake vent was located in
the center of a 16-foot by 11-foot living
room on the first floor. The building
was ignited and permitted to burn to
the ground.

The hottest measured  temperatures
occurred after the second story collapsed
around the vent (at about 40 minutes).
Gas temperatures exceeding 2,500°F

Figure 3. Rubble left after El Cerrito test.

were found for short periods; and under
some circumstances, relatively cool air
entering the vent was heated to high
temperatures as a result of heating of
the vent walls by radiation from the
fire. (Heat transfer from the vent walls
to the air stream is by convection to the
air and by radiation to the entrained
smoke particles.)

Lethal concentrations of carbon mon-
oxide were reached as the apartment
building began to collapse, the highest
concentrations (greater than 3 per cent)
occurring as the roaring fire began to
die down and the building was reduced
to a pile of rubble.

The second Richmond test consisted
of two single-story wooden houses, one
measuring 50 feet by 22 feet and the
other 24 feet by 18 feet, 7 feet apart at
their nearest corners. One vent was

located in the living room of one house.

The other was located outside between
the two houses. During this fire, meas-
ured gas temperatures again exceeded
2,500°F, carbon monoxide concentra-
tions exceeded 1 per cent, and oxygen
concentrations dropped below 5 per cent
for a brief period.

Razing of an old municipal building
as a fire training exercise for the El
Cerrito Fire Department provided an
opportunity to investigate lingering
effects in rubble. The building (Figure
2) had been the old firehouse, jail, and
police station. The jail section had
thick concrete walls, and the remainder
of the building had stucco- and brick-
covered walls.

After all unstable wall remnants had
collapsed and the general area had
cooled down sufficiently, probing of the
rubble piles was begun. Temperatures,
carbon monoxide concentrations, and
oxygen concentrations were measured
at various locations within the rubble
(Figure 3) at intervals starting about 4
hours after ignition and ending about
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Figure 4. Aerial view of the Briones burn area,
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Closeup of fuel in Briones burn

Figure 5.
area.

22 hours after ignition, when earth-
moving equipment was brought in to
complete demolition. Nearly 24 hours
after the start of the fire, temperatures
of almost 1,900°F and carbon monoxide
concentrations greater than 1 per cent
could still be found.

Briones Burn

The fuel distribution for the 9-acre
Briones burn is shown in Figure 4 and a
closeup of the fuel in Figure 5. For this
burn, three simulated shelter air intakes
were installed (Figure 6): vent A inside
the fifth windrow, vent B just outside
this windrow, and vent C midway be-
tween the fourth and fifth windrows.
The gases drawn into these vents were
conducted to a buried instrument box
containing the gas sampling mechanism
and gas detectors. The instruments in
the box were remotely controlled from a
bunker which also contained all record-
ers. The placement of the intake vents
was designed to take advantage of up-
hill drafts anticipated as a result of the
fire. Instead, westerly winds, with
speeds ranging from 10 to 14 miles per
hour and gusts up to 20 miles per hour,
blew the flames downslope (Figure 7).

As might be expected, the highest
temperatures were obtained at vent A,

much cooler temperatures at vent B, and
coolest temperatures at vent C. How-
ever, the wall temperatures at 1 foot
below ground level were approximately
the same for all three vents.

At vent A, the oxygen concentration
dropped to practically zero (less than
2 per cent) at about 8 minutes. The
carbon monoxide reading at this vent
rapidly went off scale (greater than 2
per cent) and the detector burned out at
6 minutes. Spectral analysis of the gas
bottle samples showed that, even in a
fast-burning, rubble-free fire such as
this, serious carbon monoxide and car-
bon dioxide effects can be found as late
as 114 hours after ignition (e.g., the
sample taken 87 minutes after start con-
tained 0.16 per cent CO and 5.8 per
cent CO,).

At vent B, carbon monoxide concen-
trations gave off-scale readings within
5 minutes of ignition time although
oxygen concentrations never fell much
below 14 per cent. The carbon monox-
ide concentration dropped below 0.1 per
cent in 10 minutes but still exceeded 0.02
per cent (sufficient to cause mild head-
aches) three hours later. The gas con-
centrations at vent C never reached
toxic levels, but carbon monoxide

View before backfill showing
placement of vents for Briones burn.

Figure 6.
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Figure 7. The Briones burn 10 minutes after ignition.

concentrations of about 0.02 per cent
were found for several hours.

Camp Parks Burn

To permit experimental verification of
the conclusions of a shelter design study,
the U. S. Naval Radiological Defense
Laboratory (NRDL) constructed a 100-
man prototype underground shelter at
Camp Parks." Since the shelter design
included a *'fire storm’’ protection capa-
bility, a cooperative program was under-
taken. The very limited budgets of the
two participating groups precluded the
installation of extensive instrumenta-
tion. However, the availability of a
considerable quantity of scrap lumber,
some manpower to relocate the fuel
and assist in the installation of instru-
mentation, and a competent fire depart-
ment to provide necessary protection
permitted the conduct of a minimum
experiment.

Lumber was distributed to simulate
fuel distribution in a densely populated
area (about 30 per cent density) of
single-story dwellings. The fuel was
placed in piles measuring 20 feet by
15 feet, 7 feet high, and spaced 12 feet
apart along three concentric rectangles

with 50-foot spacing between rectangles
(Figure 8). The three piles nearest the
shelter entrance were increased to a
height of 9 feet by including randomly
throughout each pile an additional 2
feet of noncombustible rubble — pieces
of concrete, brick, and gypsum board.

Limited instrumentation was installed
in the entranceway and main room of
the shelter. However, the principal
measurements were made from three
simulated air intake vents located near
the shelter entrance — vent A in a
rubble-free wood pile, vent C in a pile
containing rubble, and vent B midway
between the other two.

To insure nearly simultaneous igni-
tion of all the fuel, about 2,000 gallons
of used crankcase oil were sprayed on
the fuel piles, and they were ignited by
a series of six ignition circuits — two in
each of the concentric rectangles. The
successive circuits were closed at 30-
second intervals and the fire grew
rapidly. Less than 4 minutes after
ignition of the first rectangle, strong
indrafts from all sides were blowing the
flames toward the center of the fire, with
flames 50 feet high visible through the
dense black smoke. By 6 minutes, the
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Figure 8.

smoke began to clear, and, within an-
other minute or two, there was a notice-
able reduction in fire intensity. By 10
minutes after the first ignition, the
merging flames had separated into a
group of individually burning fires
(Figure 9). Within another 10 min-
utes, some of the piles had been re-
duced to a bed of glowing coals and
stopped flaming. An hour after the

Diagram of fuel distribution about 100-man shelter at Camp Parks.

start, one could enter the fire area if he
avoided still burning or smoldering
fuels.

Temperatures in vent A rose rapidly,
andall of the above-grade thermocouples
burned out after recording temperatures
as high as 2,600°F within the first 10
minutes. After an initial rise, gas tem-
petatures of vent C, in the pile contain-
ing rubble, fluctuated between 800°F
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Figure 9. Camp Parks from helicopter.

Individual piles burning independently.

and 1,200°F for about an hour, fell grad-
ually to 600°F at two hours, then rose
smoothly back to 1,200°F during the
next two hours, until, about 4 hours
after ignition, the rubble pile began to
collapse about the vent entrance. At
this time temperatures again rose rap-
idly (reaching approximately 1,700°F at
times) and remained high and irregular
for about two more hours until the
rubble settled to its final depth — below
the vent entrance.

The rubble remained hot for a long
time after measurements were termi-
nated. In fact, five days later, when the
area was being cleared, freshly exposed
fuel in the bulldozed rubble piles again
burst into flames.

Relatively low temperatures (less
than 660°F) were obtained by thermo-
couples not actually in one of the fuel
piles. Thermocouples mounted on the
inside of the uninsulated portion of the
shelter entrance recorded 200° to 300°F
for a short while, but most of the ther-
mocouples in the entranceway and at
other locations throughout the shelter,
failed to show any significant increase
in temperatures as a result of the fire.

View from southeast, 15 minutes after start.

The oxygen concentration at vent B
did not drop significantly at any time.
At vent C, the oxygen concentration
began to decrease almost immediately
(about a minute after ignition of the
inner rectangle) and dropped almost to
zero (less than 2 per cent). The oxygen
concentration remained at a very low
level until the vent began to emerge
from the rubble pile as the pile col-
lapsed around it some 3 to 4 hours after
the start of the fire.

The carbon monoxide unit connected
to vent A indicated an off-scale reading
(greater than 2 per cent) about 115
minutes after ignition of the inner
“ring,"" the concentration dropping
rapidly as the wood pile was consumed.
The carbon monoxide analyzer attached
to vent C indicated no reading until
about 4 minutes after ignition of the
first “'ring”’; then it rapidly shot off
scale. Repeated attempts to obtain an
on-scale reading soon filled the instru-
ment with a large volume of liquid
wood distillation products. Gas sam-
pling showed concentrations as high
as 7 per cent CO and 8 per cent CO, re-
maining for 3 or 4 hours — dropping to
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safe levels only after the rubble pile set-
tled below the level of the vent en-
trance. The highest value of carbon
monoxide observed in vent B was 0.08
per cent about 6 minutes after ignition
of the first rectangle. The carbon mon-
oxide analyzer in the shelter entrance
showed no detectable concentration
(less than 0.02 per cent) of carbon mon-
oxide entering the shelter. Analysis of
the gases in the main shelter room
showed the highest carbon monoxide
concentration observed to be only 0.001
per cent before opening the shelter door.
After the shelter was opened and several
groups of observers had passed through,
the concentration rose to 0.02 per cent.

Conclusions

The conclusions listed below should
be tempered by the limitations imposed
by the restricted scope of this project.
Thus, it is important to remember that
the largest burn conducted in this series
was much smaller than the minimum
necessary to fall within the definition
of a mass fire.'® Also, since a large-
scale fire is a highly variable and com-
plex phenomenon, it is difficult to
decide how "‘typical”’ these fires might
be, that is, how often events observed
during these fires would be found in
other “similar’ fires. As a matter of
fact, it is necessary to use considerable
caution in extrapolating the measure-
ments made during these fires to other
locations within the same fires. How-
ever, if a dangerous situation was
encountered even once during these ex-
periments, it is safe to assume that it
will be encountered again in some future
fire and that a feasible attempt to miti-
gate the consequences should be en-
couraged.

With the above precautions in mind,
the major conclusions which appear
from examination of the data obtained
during this project may be listed as
follows:

1. Extreme carbon monoxide concen-
trations are to be expected in large-scale
fires burning out of doors.

2. Although oxygen depletion and
high carbon dioxide concentrations may
also occur, their effects will be of conse-
quence only if some steps are taken to
eliminate the carbon monoxide hazard.

3. Air temperatures in the fire may be
expected to exceed 2,000°F, and conven-
tional ventilation systems, if operated
during the fire, may be expected to carry
into the shelter much more heat than is
generated by the shelter occupants.

4. If ventilation systems are to be
operated during a fire, shielding of the
intake vents from radiant heat should be
considered since, under certain circum-
stances, cool intake gases may actually
be heated in passing through the vents.

5. Smoldering rubble will maintain
higher temperatures and toxic gas con-
centrations for longer periods than the
more impressive flaming phase of a large
fire. In fact, it appears that if shelter
vents are located so that they will not be
covered by rubble, closure for more than
an hour or two will seldom, if ever, be
necessary. Conversely, if the vents are
covered by rubble, closure for a period
of days may be required.

6. Placing a home shelter vent just
outside of a residence may be of little
value since high concentrations of toxic
gases will sometimes be found in these
locations.

7. Although fatal concentrations of
carbon monoxide were found § feet from
the fire — and concentrations sufficiently
high to cause headaches were found 25
feet from the nearest fuel — during the
Briones burn, no significant concentra-
tions were found outside of the burning
piles during the Camp Parks burn. What
would occur in a much larger fire is im-
possible to predict, but a good rule to
follow would seem to be: where pos-
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sible, locate a shelter in a cleared area
sufficiently large that the shelter will
not be covered with rubble, and within
that area locate the vent as far as pos-
sible from combustible materials.

1.
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