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ABSTRACT

Types of furnishings, interior finish, and occupancy trends have changed considerably
over the last several decades, so new fire load surveys for various occupancies are being
conducted in various countries, using modern surveying techniques. These new data can
be used to calculate fire growth curves, considering modern lightweight methods of con-
struction using large window areas and mechanical ventilation. Computer models are
designed to evaluate fire growth as a dynamic process, using such factors as heats of
combustion, changing temperature levels, combustion enthalpy per unit mass of air, thermal
conductivities and radiation, furniture arrangements and collapse during fires, etc. As
these computational methods become more refined, changes in fire endurance testing can
be made to produce more realistic results, which may represent fire exposures and potential

fire severities different than those we are familiar with.
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INTRODUCTION

Fire load is the starting point for estimat-
ing the potential size and severity of a fire,
and thus, the endurance required of walls,
floor-ceiling assemblies, columns, doors,
and other parts of the enclosing compart-
ment. This applies also to loadbearing
beams and columns, doors, and windows,
and in fact, all situations where containment
of a building fire is both desirable and nec-
essary. Earlier publications have summa-
rized the relationship between fire load, re-
sultant fire severity, and use of standard
furnace tests to measure the ability of
structural components to withstand effects
of severe fire (Robertson and Gross 1970;
Sup. Doc. 1942). This paper is intended to
provide two types of information: an up-
date on the measurement of fire loads, par-
ticularly in office and residential occupan-
cies, and a brief survey of the application
of computer solutions for heat balances in
compartments in order to utilize fire load

! Presented at the Society of Wood Science and
Technology Symposium, Trends in Fire Protection,
Session II—Technology and Research, Madison,
WI, 20 April 1977.

WOOD AND FIBER 79

Fire load, fuel load, fire growth, heat release, combustion, computer models,

data in predicting fire growth and fire
severity.

FIRE LOADS

Fire load, or more accurately fire load
density, is defined as the weight of com-
bustible contents per unit floor area. It is
commonly divided into two categories: (1)
movable contents fire load consisting of
combustible furniture, equipment, goods,
and supplies brought in for the use of the
occupant; and (2) interior finish fire load
consisting of exposed combustible materials
permanently affixed to walls, ceilings, or
floors plus doors, trim, and built-in fixtures.
Fire load is sometimes called fuel load.
Typically, all weights are converted to
equivalent weights of combustibles having
a calorific value of 4,700 Kcal/kg (8,000
BTU/1b).

During the period 1928 to 1940, surveys
were conducted of fire loads in residences,
offices, schools, medical buildings, and a
few mercantile buildings (Sup. Doc. 1942).
In 1947, an enlarged survey was made of
the combustible contents of mercantile and
manufacturing buildings (Ingberg et al.
1957). These surveys involved the actual
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TasLe 1. Weights of combustible contents [based on survey data reported in BMS 92 and BMS 149

(from Robertson and Gross)]

Type of Occupancy

Combustible Contents

Range of
Maximum
Values
for Single
Floor Occupied Maximum
Number Area Average Room for Any Area
Surveyed sq ft psf psf psf
Residence 13 8 165 8.8 8 to 14 49 (linen closet)
Hospital 1 143 780 2.8 3 to 22 19 (service store)
23 {laundry, clothes storage)
School 6 72 385 15.7 7 to 39 228 (textbook storeroom)
Mercantile (department store) 2 1 105 032 10.3 47 (paint department)
Furniture
Factory 2 549 784 15.3
Mattress 117 {veneer storage)
Factory 2 155 791 16.4 104 (paint shop)
Manufacturing 167 ({paper storage)
Clothing
Factory 2 91 701 10.7
Printing
Plant 2 191 755 34.0
General 4 518 193 25.0
Warehouse 256
Printing 1 135 055 174.4
Office 82 89 075 18.4 7 to 43 86 (heavy files)

weighing of all movable combustible con-
tents of the buildings studied. In cases
where furnishings were fixed in place, esti-
mates of weight were made on the basis of
dimensions. In addition, weights were esti-
mated for combustible flooring and exposed
woodwork other than flooring. These fixed,
interior finish items were reported sep-
arately as well as combined with movable
fire load to show the total fire load present.
Results of these surveys are summarized in
Table 1 and have been used (Sup. Doc.
1942) as a basis of defining fire endurance
performance requirements for fire-resistive
buildings in building codes.

Recognizing that types of furnishings,
interior finish, and occupancy trends have
changed over the last several decades, new
fire load surveys have been conducted in
various countries and occupancies (Nilsson
1970; Bometti et al. 1975; CECM 1974,
Baldwin et al. 1970; Berggren and Erikson

(10.6 éxc]uding

heavy files)

1970; Witteveen 1966; Forsberg and Thor
1971; Magnusson and Pettersson 1972).
Many of these surveys have been summa-
rized by Babrauskas (1976). Improvements
in weighing and in surveying techniques
have also been made (Bryson and Gross
1975).

Probably the most extensive single survey
involved over 2,200 office rooms in 23 build-
ings in various regions of the United States
(Culver 1976; Culver and Kushner 1975)
(also see Table 2). This recent survey in-
volved an inventory system usng classifica-
tion of furnishings and visual measurements
recorded on a computer-sorted survey sheet
rather than actual weighing of contents.
The conversion from size to weight was
made from frequency distribution curves
and transfer functions for as large a range of
classified furnishings as could be obtained
from manufacturer’s catalogs and sales and
shipping information (Fig. 1). Although
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this visual survey based on population dis-
tributions by type is not as accurate as
direct weighing, this procedure permitted
a much larger sampling to be accomplished
on a limited budget.

Principal results of the above survey are
as follows:

1. There did not appear to be any sig-
nificant difference between loads in
government and private office build-
ings (Fig. 2).

2. Measurement error associated with
the inventory technique was esti-
mated to be approximately 10%.
Variability in loads from room to
room was significantly greater.

3. Magnitude of loads in office build-
ings was not significantly affected by
geographic location, building height,
or building age.

4, Variation of load with occupancy
duration was not clearly established
and requires further study.

5. Magnitude of room fire loads and
live loads was related to the use of
the room. Libraries, file rooms, and
storage rooms were the most heavily
loaded.

6. In general, mean room load de-
creased as area of the room in-
creased, although room use and
room area may be correlated. Further
study is required to establish the in-
fluence of area on load magnitude.

There was a definite tendency for

loads in offices to be concentrated

around the perimeter of the room.

The majority of furniture items were

within 2 feet of the walls.

8. In the majority of offices surveyed,
between 20 and 40% of the floor
area was occupied by furniture and
equipment.

9. Overall mean total fire load was 36
kg/m* (7.3 psf), consisting of 28
kg/m* (5.7 pst) movable contents
and 8 kg/m* (1.6 pst) interior finish.

10. Paper and books accounted for ap-
proximately 40% of the total fire
load.

=1

TasLe 2. Office building characteristics (from
Culver 1976)

Height

Location
B1dg. Occupancy (No. of Age
No. Type Region State Stories)  {Years)
1 Private PA 5 13
2 " North- NY 7 58
3 " East PA 21 68
5 " PA 25 23
7 " 1A 5 16
8 " North- IL 5 2
9 " Central Wl 20 10
10 " IL 23 16
11 " 0K 2 8
12 " South GA 10 73
13 " GA 10 5
14 " 0K 22 25
17 " WA 9 11
18 " West AZ 17 13
19 " WA 49 5
20 ! CA 5 63
21 Government North- PA 3 47
22 " East NY 44 7
23 " North-
Central IL 2 7
24 N South MD 12 11
25 " GA 4 6
26 " West co 2 3
27 " cA 18 6

Cumulative frequency distributions of
total fire load from this survey are shown
in Fig. 3. Approximate cumulative fre-
quency distributions based on fire load sur-
veys in various countries are approximately
as given in Table 3. Several European in-
vestigators have suggested that the 80%
cumulative frequency fire load level is suit-
able for design (Witteveen 1966; Forsberg
and Thor 1971).

A similar type of inventory survey was
recently conducted by the National Bureau
of Standards (NBS) on single family resi-
dences in the Washington, D.C. area. Data
are currently being key-punched, sorted,
and analyzed by computer. However, a
partial, manual survey was made of fire
loads in basement recreation rooms of pri-
vate homes. Transfer functions for typical
furnishings were again used to convert
visual estimates into average weights. Of a
total 270 residences surveyed, a partial
sampling of 70 residences with basements
vielded 39 basement recreation rooms. The
tire load, consisting of both combustible
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contents and combustible interior finish,
ranged from 5 to 54 kg/m* (1 to 11 psf).
The overall median value of fire load
(weight of combustibles per unit floor arca)
was 27 kg/m? (5.5 psf). Combustible con-
tents accounted for 80% of the total and the
walls and ceiling 20%.

Thus, movable combustible contents in
these recreation rooms represent about 22
kg, m* (4.4 psf) and interior finish about 5
kg/m* (1.1 psf). The movable contents
portion may be compared with the results
of a survey conducted 40 years ago in which
movable contents averaged 17 kg/m® (3.4
pst) for 13 entire apartments and residences
and 24 kg/m* (5.0 psf) for bedrooms and
closets. However, the interior finish por-
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Catalog frequency distributions of metal desks (from Culver and Kushner 1975).

tion is considerably below the average 26
kg/m? (5.4 pst) previously assigned to entire
residences based on 12.7 kg/m* (2.6 psf)
of wooden tloor and 13.7 kg/m* (2.8 psf)
of other exposed woodwork. The results
represent only a partial hand-computed
sampling, and hopefully, complete analyzed
data will be available in report form later
this year.

FIRE GROWTH CALCULATIONS

To calculate fire history, a computer pro-
gram is a practical necessity. Input quan-
tities typically include fuel burning rate,
ventilation conditions, and thermal proper-
ties of enclosing surfaces. From basic mass
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TasLe 3. Cumulative frequency (probability) of fire loads (from Babrauskas 1976)
Cumulative FIRE LOAD
Probability .
Percent (in kg wood equ1‘va1ent/mz floor area)

. OFFICES
U.S.A. W. Germany Sweden Holland England
(Culver 1976) (CECM 1974) (Berggren & Erikson 1976) {Witteveen 1966)  (Baldwin et al. 1970)
25 20 25 24 5 5
50 35 43 28 10 20
80 50 60 38 24 32
99 100 130 70 46 110
RESIDENCES OTHERS (SWEDEN)
Sweden Schools Hotels Hospitals
{Nilsson 1970) (Forsberg & Thor 1971} (Forsberg & Thor 1971} {Magnusson & Pettersson 1970}
25 37 17 15 30
50 40 22 18 33
80 4L 26 22 35
99 53 43 34 71

and heat balances, rate of combustion and
composition and temperature of combustion
products may be computed as a function of
time.

One of the earliest analyses of the burn-
ing process in rooms was provided by the
Japanese rescarcher Kawagoe in 1958. He
provided an enthalpy balance of a room
fully involved in fire based on: (a) the
combustion of wood, (b) buoyancy-in-
duced ventilation, and (c¢) heat losses to
enclosing walls and ceiling. In succeeding
reports, he added improvements and estab-
lished a workable computational tool for
tire growth (Kawagoe and Sekine 1963;
Kawagoe 1967). The importance of ventila-
tion in terms of the height, h, and area, A,
of the window in controlling burning rate
was a substantially simplifying approach
and subsequently was used by others.
Under these conditions, details on the
geometrical nature of the fire load could
be ignored. Kawagoe established the mass
flow rate of air as m,;,, = 1880 A, \/h_kg/hr
based on air at 20 C and an assumed dis-
charge coetficient of 0.7. The mass burning
rate of (wood) fuel was ., = 330 A, \/Tq
kg/hr (5.5 A, /h kg/min). To account for
incomplete burning and loss of pyrolysis
products, Kawagoe took the effective heat
of combustion A H, as 2575 Kcal/kg (4640

BTU/Ib). The net or effective heat release
from burning contents currently remains an
important research subject.

In 1963, Odeen published a thesis which
provided a means for performing heat bal-
ance calculations where heat release rate
was an independent variable, unrelated to
window opening. More recent contribu-
tions have been made by Magnusson and
Thelandersson (1970), Tsuchiya and Sumi
(1971), Babrauskas and Williamson (1975),
and Babrauskas (1976). Typical curves
shown in Fig. 4. For fire-resistance design
of buildings, Lie in 1974 sought to establish
a temperature-time curve whose effect, with
reasonable probability, will not be exceeded
during the use of the building. Since venti-
lation-controlled fires are generally more
severe and have a substantial probability of
occurrence, Lie computed -characteristic
fire curves for several levels of fire load
ventilation and thermal properties.

Obviously, many assumptions are made
in such analytical models regarding chem-
ical reactions, air flow and entrainment,
completeness of combustion, temperature
gradients, and heat loss relationships. In
some cases, simple assumptions are reason-
able and proper, and errors introduced are
slight; in other cases, results depend very
strongly on one or more factors that are
not sufficiently known. For example, one
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simplification that may be made is based
on the fact that the combustion enthalpy
per unit mass of air is nearly the same for
many fuels, even though their calorific
values per unit mass vary considerably.
To calculate the highest or most consis-
tent temperature in some computer pro-
grams, comparisons are made either be-
tween computed and assumed fuel burning
rates or between alternately calculated tem-
peratures in the ventilation and fuel-con-
trolled modes. Computer calculations can
be made to agree fairly well with experi-
mental data, although large-scale compart-
ment experiments normally have consider-
able scatter. A comparison of calculations
by Babrauskas (1976) and experimental
data for wood cribs burning in compart-
ments are shown in Fig. 5. In this case,
measured weight loss data was used, so this
is not a complete predictive calculation.
Computer calculations are particularly

80 100 120 140 160

TIME, MINUTES

Behavior of fire (from Tsuchiya and Sumi 1971).

valuable for sensitivity studies, such as
examining effects of major variables on heat
balance within a compartment containing
burning combustibles. In general, on the
basis of analytical and experimental con-
siderations, the overall effect of scale has
been considered to be slight. However,
larger compartments can gencrate higher
temperatures, increased radiation, and
higher burning rates; and quantitative gen-
eralizations from small scale models should
be made with caution.

The effects of different thermal conduc-
tivities of enclosing walls on gas tempera-
ture are significant (Fig. 6). During the
early stages where radiation is dominant,
thermal inertia, kpc, is most important,
while in the later stages where heat con-
duction losses predominate, thermal con-
ductivity is most important.

The discussion on computer calculation
has so far ignored factors that determine
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Fic. 5. Comparisons of measured and computed temperatures (from Babrauskas 1976).

the early or pre-flashover stages of fire
growth. This is considerably more complex
and as previously stated can be largely dis-
regarded if ventilation-controlled burning is
assumed. In models of early fire growth,
however, important parameters include the
amount, surface area, and arrangement of
combustible contents; the collapse and re-
arrangement of furniture during a fire; the
formation of openings in walls, ceilings or
doors; and local zones of hot gases. There
is now a movement in the direction of
models that consider the progressive de-
velopment of a fire in space as well as in
time.

In general, these next generation com-
puter models attempt to solve the basic
mass, energy, and momentum equations
either on a strictly mathematical basis or
alternately in terms of simplified modules,
in which the energy transfer phenomena
are considered individually., The former
approach, which is more exact and difficult,
may take years to formulate and solve.
The latter is capable of solution now and is
being actively pursued by a number of re-
searchers.

The IITRI model of Pape and Waterman,
for example, incorporates a volatilization
rate with an assigned probability for a
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1400 — burning item of furniture (Pape et al.
s 1976). It is possible to perform repetitive
1200 - computations with different room geome-
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tries, ignition locations, and volatilization
rates for the major burning item, and to
develop a series of curves of probability of
occurrence.

Other computer programs have been or
are being developed to account for special
factors and situations, such as an aircraft
cabin (Reeves and MacArthur 1976), a
multi-room building (Emmons 1977), and
a complete industrial building (Rockett
- 1969). In general, these models incorporate
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| more accurate representations of heat
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gaseous combustion or pyrolysis products,
the formation of char, and the presence of
smoke.

The model developed by IITRI (Pape et
al. 1976) has been exercised to provide a

TasLe 4. Summary of tests—residential burnout
tests of 1939 (from Rodak and Ingberg 1967)

Equivalent Fire

Duration

Finish Fire? 150 C 300 C

Test Occupancy Floor Load Base Base

e 1b/Ft2 win min

A Residential  Concrete 5.2 NOT TABULATED

B Residential Concrete 5.3 29 20
(14% books)

C Residential Concrete 7.9 33 22
(384 books)

3} Residential  Woog 8.5 ) 34
(164 books)

E Furniture
Storage Concrete 12 54 52

atirosi combustible weight divided by total floor area
(427 ft)

Plan of building and thermocouple placement (from Rodak and Ingberg 1967).

comparison between the analytical predic-
tion and a full-scale fire test (Croce 1975)
(Fig. 7). As these computer models be-
come more sophisticated, they will be able
to examine more, but probably never all,
of the complex chemical, fluid mechanical,
and heat transfer factors involved in an
uncontrolled fire.

There have been a number of experi-
mental investigations involving instru-
mented full-scale test rooms and buildings.
For example, in 1939, a series of 5 full-scale
fire tests were performed to measure fire
development in a building arranged to
represent a three-room residential occu-
pancy (Rodak and Ingberg 1967) (Fig. 8).
Information was obtained on the duration
and intensity of fires from burning a similar
furniture arrangement, but with the addi-
tion of paper, books, and foodstuffs to pro-
vide total fire loadings ranging from 25 to
59 kg/m® (5.2 to 12 psf) (Table 4). Just
as in 1939, orientation of combustible con-
tents with respect to fire origin are im-
portant. In general, average spatial tem-
peratures in individual rooms were lower
than the standard ASTM E 119 time-tem-
perature curve. However, for total fire
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Fic. 9. Test B, for all rooms tested (from
Rodak and Ingherg 1967).

loads of 42 to 59 kg/m* (8.5 and 12 psf),
average spatial temperatures of the living
room, dining room, and ceiling exceeded
the standard curve for periods up to 22
minutes ( Figs. 9 and 10).

FIRE SEVERITY

Fire severity is defined as the intensity
and duration of a fire. To some extent,
tire severity also expresses the concept of
the potential for a fire to damage a struc-
ture or its contents. In common practice,
fire severity is considered in terms of the
equivalent duration test. The actual assess-
ment of severity in any specific building
fire situation is largely a subjective matter
and to a certain extent depends upon the
physical and thermal properties of the en-
closing structure itsef and the degree of
ventilation involved. Thus, tempecratures
reached and the duration of burning in a
compartment depend upon whether the
walls and ceiling are good conductors or
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Fic. 10. Test E, for all rooms tested (from
Rodak and Ingberg 1967).

insulators and how much thermal energy is
exhausted outside the burning room.

The most common method of applying
the concept of fire severity involves use of
the area under the fire exposure tempera-
ture-time curve above an arbitrary level
(Ingberg 1928). In proposing this ap-
proach, Ingberg recognized that high tem-
peratures for short durations and low
temperatures for long durations were techni-
cally not equivalent. When originally pro-
posed, it applied fairly well to heavy
masonry buildings with small windows and
fire durations up to at least 4 hours. In the
current context of lightweight and com-
bustible construction, large window areas
and mechanical ventilation, the equal area
severity concept is open to considerable
question.

The major application of this concept
has been in comparing experimental burn-
out fires with laboratory fire endurance
tests according to ASTM Standard E 119.
The original test data were summarized
by Ingberg in terms of areas above two
reference temperatures: 150 C, represent-
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Fi:. 11. Laboratory fire endurance test period
corresponding to experimental temperature-time
results from 15 burn-out experiments performed by
Ingberg. Points marked A and - correspond to a
match of areas above base temperatures of 300
and 150 C, respectively. The solid line passes
through points recommended by Ingberg (1928).

ing the temperature at which thin partitions
would be damaged; and 300 C, representing
the temperature at which thicker partitions
or walls would be damaged. The relation-
ship between fire load and equivalent fire
endurance period is firmly established and
seems to hold fairly well for the limited
ventilation situation (Fig. 11). The rela-
tionship is less valid for short duration fires,
where increased ventilation permits con-
siderable flaming and heat release to occur
outside the burning compartment. In such
cases, higher short duration peak tempera-
tures but lower average compartment tem-
peratures will generally yield lower equiv-
alent fire endurance periods. A closer
approach to reality in some fire endurance
testing may involve a considerably different
tire exposure than the one we are most
familiar with.

Law (1971) used a simplified approach
in analyzing the severity of a fire in a com-
partment and showed that:

tr = (KL) (AyAq)77,

is a measure of the fire severity
in a compartment (min)
L is the total fire load (kg)
Ay is the window area (m?*)
Ar is the sum of the wall and ceil-
ing areas (m?*)
and K is a factor found to lie between

0.7 and 1.5.

Coward (1975) estimated the statistical
distribution of t; for office rooms by per-
forming a parameter sampling study using
Monte Carlo simulation. Based on some
approximations and assumptions, Coward
estimated that about 7% of office rooms
would have a fire severity exceeding one
hour, and that the distribution could be
approximated by an exponential relation of
the form:

where t;

— @-0.04R
p = e

where p = proportion of rooms with fire
severity greater than R and R,
determined in minutes, is ex-
pressed as:

L (AgAp)1/2

If fire growth differs significantly from
the standard temperature-time curve, it
should not present too much of a problem
to program a fire endurance furnace to a
different temperature-time history, or even
to a prescribed heat input schedule. Actu-
ally, fire endurance furnaces are not stan-
dardized, and the fractions of input energy
which are lost through the exhaust stack
and into the refractory surfaces are gen-
erally unknown. A start in this direction
has recently been made by the addition of
a recommendation in ASTM E 119 for re-
cording the amount of fuel flow to the fur-
nace burners. This information may be use-
ful for performing a furnace heat balance
analysis, measuring the effect of changes
in the furnace or control settings, compar-
ing assemblies of different properties, and
programming heat input rates representing
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a wider and more realistic range of fire ex-
posures and potential fire severity.

CONCLUSION

Various surveys on measurements of fire
loads have been made with emphasis on
office and residential occupancies. Fire
load density, or the weight of combustible
contents per unit floor area, can be divided
into two categories: movable contents fire
load and interior finish fire load. Modern
analytical and statistical approaches in pre-
dicting both fire growth and fire severity
may lead to considerably different fire ex-
posures than those we are familiar with.
Fire endurance tests according to ASTM
Standard E 119 may be changed to pro-
gram the fire endurance furnaces with dif-
ferent temperature-time histories or pre-
scribed heat input schedules to reflect the
new data on fire load, growth and severity.
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