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Fire safety as provided for by present building codes is
examined critically and the characteristics of building
fires are reviewed. A new design approach is suggested.

In some respects, the process of designing a building for fire
safety may be described as faithfully executing code regu-
lations, since the most important aspects of providing fire
safety in buildings are governed by strict codes. There are en-
couraging signs, however, that this situation will change dur-
ing the coming years and the designer will be free to select
the most effective means of coping with the fire problem.

Traditionally, building compartmentation provided func-
tional units or offered occupants some degree of privacy.
From the point of view of fire safety, however, compartmenta-
tion is regarded as the means for breaking up total building
volume into small cells where, with an efficient protection sys-
tem, fires can be localized and suppressed. To prevent fire
from spreading from one compartment to another, various
building codes require compartments be made structurally
sound enough to withstand a more or less full fire exposure
without major damage, and that boundaries be capable of
acting as heat conduction barriers. During the past several
decades, standard fire tests have been developed to deter-
mine whether the structural and boundary elements of the
compartment (beams, walls, fioor, etc.) fulfill these require-
ments. In North America ASTM Method E119 specifies the
conduct of these tests and the interpretation of the findings.

In a fire test, a representative sample of the compartment
element is exposed on one side (walls, floors, ceilings,
beams) or gn all sides (columns) to the heat of a test furnace.
Test conditions are required to follow a temperature-time
curve assumed originally to reproduce the temperature his-
tory of a fully developed compartment fire (fig. 1a). The length
of the element’s exposure to the test fire is the period for
which “fire endurance rating” (expressed in hours, %, 1, 1'%,
2 etc.) is desired. Required minimum ratings are specified by
the various building codes for identified building types.
(Penalties are imposed on buildings having excessively large
floor areas or unusual heights.) If the specimen element with-
stands the simulated fire exposure for %, 1, 1'%, etc. hours
without major structural damage and substantial heat trans-
mission (see ASTM E119-71 for the interpretation of these ex-
pressions), it is ‘‘rated” as a %-, 1-, 1%-hr etc. fire-resistant el-
ement. A compartment built entirely of elements with fire
endurance ratings (fire ratings, for short) not less than the
minimum specified by the building code for the type of build-
ing is referred to as a fire-resistant compartment. The es-
sence of the “‘building code approach’ is to rely entirely on
the building code specifications to provide fire safety.

Fire load concept

Although the bases on which fire endurance ratings are as-
signed by the writers of building codes are, by now, not
clearly recognizable, the underlying concept unquestionably
rests on pioneer work by S.H. Ingberg! more than 40 years
ago. Ingberg suggested that fire endurance requirements
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should be determined on the basis of potential *‘fire severity”
(to be discussed later). He believed, further, that fire severity
is uniguely related to ‘‘fire load” (weight of combustible mate-
rials per unit floor area) characteristic of the occupancy con-
sidered. The expected magnitude of the fire load may be
judged from data collected in England a few years ago. The
mean fire load in modern office buildings is 4.1 1b/sq ftand in
95 percent of rooms it is less than 12.0 Ib/sq ft. (in storage
rooms the fire load may be 25 Ib/sq ft or higher.*) His sugges-
tion was equivalent to advocating that fire endurance require-
ments be prescribed on the basis of characteristic fire loads.

Ingberg’s experiments seemed to indicate that, with fire
loads up to 30 Ib/sq ft the fire endurance requirement is ap-
proximately 0.1 hr for every 1 1b/sq ft fire load. Thus, for afire
load of 7.5 Ib/sq ft the required minimum fire endurance
would be taken as % hr, that for 20 Ib/sq ft as 2 hr, etc. (Frac-
tional fire endurance requirements are always rounded up-
ward to the nearest % hr in practice; for example, the require-
ment at a fire load of 12.4 Ib/sq ft is 1%2 hr rather than 1.24
hr.) The concept of the fire load as the only significant factor
determining the severity of fire and, in turn, the fire endurance
requirement, seems to be founded on two basic premises: 1)
that all compartment fires burn at approximately the same
rate; 2) that a definite portion of the combustion heat is al-
ways absorbed within the compartment by its elements.

The room shown in fig. 2 contained a great deal of combus-
tible material, so that the fire will be very severe. If built ac-
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cording to building code reguiations, the elements of the
room must therefore have high fire endurance, that s, all
load-bearing components must be protected by thick insulat-
ing covers. Research during the past 10to 15 years has
shown conclusively that the fire load concept, which still
forms the basis of the ““building code approach,” is inaccu-
rate and may result in both under-protected and grossly over-
protected buildings.

Characteristics of compartment fires

On the basis of research results from all over the world, the
author has recently offered a more realistic picture of the pro-
cess of compartment burning.* Fig. 1b shows a typical tem-
perature-time curve for actual compartment fires that may be
divided into three periods: growth, fully developed fire, and
decay. The beginning of the period of fully developed fire is
readily recognized by a sudden rise of temperature; its end is,
by definition, the point at which the fire temperature drops to
80 percent of its maximum value. As the bulk of the fuel (fur-
nishing and other contents) burns away during this period it is
the only period that deserves consideration from the point of
view of structural fire damage. Contrary to earlier beliefs, the
rate of burning in a compartment (during the fully developed
period) may vary within very wide limits. Two major factors de-
termine the rate of burning: fire load and ventilation, the latter
usually expressed in terms of rate of fresh air flow into a com-
partment. With natural ventilation the air flow rate, U,
(Ib/sec), can be calculated from the equation: U, =1 A Vh
where A, is the total area of windows, in sq ft, and h is the
height of windows, in ft.

This equation has been derived on the assumption that all
window panes break and fall out at the beginning of the fuily
developed fire period. Sometimes, especially with double-
glazed windows, breakage remains incomplete and the actual
air flow may be less, by 30 to 50 percent, than the calculated
value. On the other hand, the flow of outside air through the
window can be increased or decreased by pressure differ-
ences due to building stack effect, depending upon building
height and outside temperature. With forced ventilation, the
rate of air flow is interpreted as that produced by mechanical
means (provided that failure of the mechanical device during
the fire is unlikely).

Depending on the relative magnitude of the fire load and on
ventilation, two types of conditions may exist in a burning
compartment (fig. 3).* 1) If the fire load is high and ventilation
poor (fig. 3a), the amount of combustible material burning at
any one time is controlled by the rate of air flow. As ventilation
(window area) increases, combustion extends to larger and
larger parts of the fuel and the rate of burning increases. The
ire is “‘ventilation controlled.” 2) If the fire load is relatively
small and ventilation good (fig. 3b), air entering the room is
more than enough to keep all combustible materials burning
simultaneously. The rate of burning is controlled by the sur-
face area of the fuel; the fire is “‘fuel surface controlled.”

The fire load concept implies that the same proportion of
heat of combustion is always absorbed within a compartment.
tn reality, two conditions may exist (fig. 4): 1) If the rate of
burning is low and the room has a high ceiling (fig. 4a), the
combustion process will develop entirely within the compart-



ment and a large portion of the heat of combustion will be ab-
sorbed by the various structural and boundary elements of
the compartment. 2) If, however, the rate of burning is high
and the room has a low ceiling (fig. 4b), flames will issue from
the windows and a considerable portion of the fuel energy,
sometimes 50 percent or more, will be released outside. Thus
the heat flux (amount of heat {in Btus] that passes through a
unit area [sq ft] in unit time [hr]) availabie for the destruction of
the structural components of the room becomes less intense.

Concept of equal areas

An essential part of Ingberg’s concept* was a specific way
of defining ‘'fire severity” (destructive potential). Although his
second fundamental idea, the assumption of a unique rela-
tionship between fire severity and fire load, is not appreciated
today, his definition of fire severity (sometimes in slightly
modified forms) is still widely used among research workers.
Ingberg defined fire severity as the area under the curve of
fire temperature (above some reference level, usually 301 or
572F) versus time, for actual compartment fires or standard
test fires. This definition implies that long, relatively cool fires
and short, intense fires are similar with respect to destructive
potential and, therefore, that the requirements for fire endur-
ance of compartment elements should also be similar.

The most attractive feature of this definition is thatitis a
convenient way of assigning supposedly more realistic fire
endurance requirements to elements of any compartment
whose expected fire temperature history can be predicted
(from experiments) or can be estimated (by heat balance cai-
culations).”>% This concept of establishing fire endurance re-
quirements may be referred to as the ‘‘concept of equal
areas.” In the illustration of this concept (fig. 1) 437F was se-
lected as the reference level for the calculation of areas (the
average of the two values suggested by ingberg). It may be
seen that a 1-hr exposure to a standard fire test will match the
severity of the compartment fire shown (fig. 1b) and, there-
fore, that the elements of this compartment should be of at
least 1-hr fire endurance. Because the fire temperature versus
time curve faithfully reflects ventilation effects, compartment
dimensions, and properties of lining materiais (in addition to
that of the fire load), replacing the fire load concept by the
concept of equal areas in determining fire endurance require-
ments is undoubtedly a step forward.

Fire severity parameters

Unfortunately, the concept of characterizing fire severity by
some area under the fire temperature versus time curve can-
not be strictly justified on scientific grounds. In general, tem-
perature plays a more important part in the structural failure
of compartment elements than does fire duration. It might be
thought that the average temperature of the fire alone would
be a better indication of fire severity, but this view also would
be incorrect. For example, the temperature climbs higher in a
compartment tined with good insulating materials than in one
that is not, but the fire damage is lighter; in other words, the
fire appears to be less severe.

According to recent studies,® there are at least three inde-
pendent parameters whose values have substantial bearing
on expected fire damage (fig. 5): 1) duration of fully devel-

oped fire (rin hrs or min), 2) average fire temperature: aver-
age temperature of the gases in the compartment during the
fully developed period of fire, T, (in °F), and 3) ‘‘effective”
heat flux: average heat flux available for penetration of the el-
ements of the compartment during the fully developed period
of fire, gz (in Btu/sq ft hr).

It is no surprise that these parameters depend primarily on
fire load and ventilation. Fig. 6 shows the variation of fire du-
ration and average fire temperature with increasing ventila-
tion (increasing window areas) for three different fire loads:
12.4, 6.2 and 3.1 Ib/sq ft. This information is related to a room
25'x 12" in area, 9’ -5 high and lined with concrete and ver-
miculite plaster.”® Arrows indicate the critical air flow at
which, with increasing ventilation, the fire ceases to be venti-
lation controlled and becomes controlied by the surface area
of fuel (combustible contents of the room). (Critical air flow
can be calculated from the equations presented in Ref. 3.
One can assume, as a rough guide, that with natural ventila-
tion fuel-surface-controlled conditions will prevaii if the ratio
of the total fire load [in Ib] to the total window area [in sq ft] is
less than about 30 Ib/sq ft. See also Ref. 2and 9.)

As expected, the fire temperature is always higher for
higher fire loads. Starting with zero air flow, the fire tempera-
ture increases sharply with increasing ventilation (or window
area). On reaching a maximum, generally still within the venti-
lation-controlled regime, it begins to decline owing to the fact
that an increasingly larger portion of the burning will occur
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outside the windows. As the air flow rate increases beyond
the critical value, the temperature decreases steadily, be-
cause the rate of heat evolution is no longer affected by venti-
lation. The increasing inflow of cool air produces increasingly
lower temperatures. As shown by thin dashed lines (fig. 6),
any air flow over 15 Ib/sec will keep the average fire tempera-
ture below 1000 F (generally accepted as the temperature
level detrimental for steel) provided the fire load is not higher
than 3 Ib/sq ft. It is clear, therefore, that at lower fire loads
even unprotected steel can be used safely if window areas are
properly sized.

It may be seen that in the ventilation-controlled regime, the
duration of the fully developed period of fire depends strongly
on fire load and decreases sharply with increasing ventilation.
in the fuel-surface-controlled regime, fire duration is very
short, typically 20 min, and is independent of fire load. If,
however, the fire load is high, it may not be possible to
choose sufficiently large window areas to ensure that fuel-
surface-controlled conditions prevail with natural ventilation.

Fig. 7 shows the variation of the third fire severity parame-
ter, effective heat flux, with increasing ventilation. Again, the
critical air flows are indicated by arrows. From the point of
view of intensity of heat penetration into the boundary ele-
ments of the compartment, the borderline between ventila-
tion- and fuel-surface-controlied fires seems to represent the
most adverse condition.

Engineering design of fire protection

At which stage of design can knowiedge about compart-
ment fires be best put to use? In present practice, the provi-
sion of fire safety consists of littte more than incorporating in
the design some building code requirements. The responsi-
bility for this is usually shared by the architect and engineer.
There is a trend, however, to give the engineer greater re-
sponsibility, at least with respect to the structural fire safety of
the building. Many believe that the problem of fire protection
of structures should be handled by specially trained engi-
neers. As visualized, the design of building elements for fire
resistance by these engineers may consist of three principal
stages: 1) calculation of the fire severity parameters for all
compartments of the building from information concerning
compartment dimensions, lining materials, ventilation, and
fire load; (This information can be deduced from the building
plans and from statistical data concerning the fire load in vari-
ous occupancies.) 2) heat flow and stress-strain studies,
using the fire severity parameters as input data; 3) decisions
concerning the appropriate fire protection.

The advantage of this kind of engineering approach is
clear. The engineer is not bound by any preconceived con-
cepts, code regulations, or stereotyped testing requirement
and can select the fire protection most suitable under the pre-
vailing circumstances. It is worth noting that the engineering
design of fire protection of load-supporting steel components
is already an accepted practice in Sweden.” The main weak-
ness of the approach is that the engineer commences his
study toward the end of the overall design process. The avail-
able knowledge of the nature of potential fires could be used
more effectively if it were considered from the beginning, dur-
ing the architectural design. By changing some of the vari-
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ables under his control, while satisfying the basic practical
and aesthetic requirements, the building designer (architect)
could drastically reduce the potential severity of building fires
and thus could help the engineer save on (or completely dis-
pense with) the costs of fire protection. This is why the author
feels that this paper should be addressed to architects rather
than to engineers.

Defensive and oftensive design approaches

As has been pointed out," the building designer can pre-
determine the nature of possible fires by proper selection of
certain dimensions of the compartment, ventilation, and lining
materials. This suggests a new, preventive approach to fire
safety, based on decisions made at the architectural stage of
the building design. The most important aspect of this ap-
proach is as follows: If calculations indicate that window
areas can be large enough to ensure fuel-surface-controlied
conditions in case of fire, and if such a selection is not ob-
jectionable from other points of view, the designer can ensure
that any fire will not last longer than 30 min. Because, with
certain restrictions, any noncombustible building element is
capable of yielding at least 30-min fire endurance, it seems
logical (as an introductory step) to allow the building designer
the freedom to choose certain ventilation requirements in-
sead of fire endurance. This deliberate use of dimensioning to
improve fire safety can be called a ‘‘defensive’” approach. It
recognizes that althcugh the building designer cannot pre-
vent the occurrence of fires, he can ensure that fire will not
spread to other compartments due to structural failure. He
makes certain that any fire will be of short duration and of rel-
atively low temperature, even at the expense of giving up en-
tirely the contents of the fire compartment.

Itis clear that this philosophy will not be practical if the con-
tents of a building are of any appreciable value. In such cases
an “‘offensive’” design approach is appropriate, characterized
by the use of special devices and facilities to detect tire and
suppress it at an early stage. Numerous other situations may
also rule out the use of the defensive approach. It may inter-
fere with some fundamental requirement concerning the use
of the building or it may result in increased energy consump-
tion in certain climates. The defensive design approach to fire
safety is only one of many design components the designer
can use in producing functional, economical, attractive, and
safe buildings.

Correct compartment design

Although the graphs presented in fig. 6 and 7 relate to a
specific set of conditions, it is possible to generalize to some
extent, to derive “‘rules” for the correct compartment design.
It cannot be emphasized too strongly, however, that these
rules are valid only from the point of view of structural fire
protection. They may well be overruled by other consid-
erations. The basic rule for designing compartments for min-
imum structural damage in fire is as follows: provide sufficient
ventilation (natural or forced) to ensure that any fire will be
fuel-surface-controlied. In this way it will be of short duration
and the fire temperature will not rise excessively high.

if unprotected steel is to be used, check (by calculations
described in Ref. 3) whether it is possible to provide suffi-



ciently high ventilation to reduce the average fire temperature
well below the critical 1000F iimit. It is entirely probable that
this cannot be done if the fire load is higher than 4 to 5 1b/

sq ft. If unprotected steel is used in a compartment, do not
use good insulating linings on other components of the com-
partment. Such linings are bound to raise the fire temperature
and thus adversely affect the performance of the load-bearing
steel components.

Finally, low ceilings are an effective means of forcing fire to
burn outside the compartment. Recognition of this rule may
be especially important in storage building design. Naturally,
consideration must be given to the possibility of increased
danger to the surroundings of the building, and to the danger
of flames jumping from floor to floor along the fagade.

Summary

It has been pointed out that stereotyped measures for fire

safety specified by various building codes are inadequate in
that they can result in both under-protected and over-pro-
tected buildings. With a better understanding of the charac-
teristic features of compartment fires, the building designer
will be in a better position to predetermine the nature of fire
and to select the most appropriate way of dealing with it. He
can either design compartments for minimum structural dam-
age without the installation of special equipment (defensive
approach), or he can provide special equipment for detecting
and suppressing the fire (offensive approach). Although the
best ways of improving fire safety in buildings depend on the
particular circumstances, there are general rules that may
help the building designer in his deliberations. It is hoped fur-
ther work will shed more light on this area, especially on the
relative merits of defensive and offensive design approaches.

[This paper is a contribution from the Division of Building Re-
search, National Research Council of Canada, and is published
with the approval of the Director of the Division. ]
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