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Foreword

ISO (the International Organization for Standardizatigd). is a worldwide
federation of national standards bodies (ISO member ‘bodies).[The work
of preparing International Standards is normally, carfied out thfough ISO
technical committees. Each member body interested in a subject for
which a technical committee has been establiShed has the rjght to be
represented on that committee. Internatighal* organizations, goernmental
and non-governmental, in liaison with 180, also take part in the work. ISO
collaborates closely with the International Electrotechnical Cgmmission
(IEC) on all matters of electrotechriical standardization.

The main task of technical cemmittees is to prepare Internatipnal Stan-
dards, but in exceptional circumstances a technical committed may pro-
pose the publication of a:Technical Report of one of the followipg types:

— type 1, when therrequired support cannot be obtained for|the publi-
cation of an Intérnational Standard, despite repeated efforts;

— type 2, wheén the subject is still under technical development or where
for any other reason there is the future but not immediate|possibility
of ancagreement on an International Standard;

— type 3, when a technical committee has collected data of p different
kind from that which is normally published as an Internationgl Standard
(“state of the art”, for example).

Technical Reports of types 1 and 2 are subject to review within three years
of publication, to decide whether they can be transformed |into Inter-
national Standards. Technical Reports of type 3 do not necessaffly have to
be reviewed until the data they provide are considered to be|no longer
valid or useful.

ISO/TR 9122-5, which is a Technical Report of type 2, was pfepared by
Techr.ical Committee ISO/TC 92, Fire tests on building materias, compo-
nents and structures, Sub-Committee SC 3, Toxic hazards in firp.

This document is being issued in the type 2 Technical Report series of
teatt ' 4.2 FC/ISO Di-
rectives) as a “prospective standard for provisional application” in the field
of toxicity testing of fire effluents because there is an urgent need for
guidance on how standards in this field should be used to meet an ident-
ified need.

This document is not to be regarded as an “International Standard”. It is
proposed for provisional application so that information and experience of
its use in practice may be gathered. Comments on the content of this
document should be sent to the ISO Central Secretariat.

A review of this type 2 Technical Report will be carried out not later than
two years after its publication with the options of: extension for another
two years; conversion into an International Standard; or withdrawal.
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ISO/TR 9122 consists of the following parts, under the general title
Toxicity testing of fire effiuents:

Part 1: General

Part 2: Guidelines for biological assays to determine the acute
inhalation toxicity of fire effluents (basic principles, criteria and
methodology)

Part 3: Methods for the analysis of gases and vapours in fire
effluepts

Part 4t The fire model (furnaces and combustion apparatus used in
small-scale testing)

Part 5] Prediction of toxic effects of fire effiuents

($)

Annexes A gnd B of this part of ISO/TR 9122 are for information only.
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Toxicity testing of fire effluents —

Part 5:

Prediction of toxic effects of fire effluents

1 Scppe

This pqrt of ISO/TR 9122 reviews the progress of
bioanalytical methodology, including the application
of matHematical models which are available and may
be usdd in the toxicological assessment of fire
efflueny atmospheres. Attention is also given to the
applicajon of such models as a means to minimize
the usg of laboratory animals in the testing of ma-
terials fpr fire effluent toxicity.

2 Background

A majof thrust in the assessment of the toxic effects
of fire [effluents has been in the development of
mathematical models for predicting such effects from
appropfiate data on the composition and concen-
trations| of the fire gases. The objectives of these ef-
forts arp twofold. Assessmerit of smoke toxicity from
analytical data could obviateZmuch of the use of live
animalg in conventional“bicassay methodology. Fur-
thermofe, providing that both qualitative and quanti-
tative dlifferences in. toxicological effects between
laboratgry animals*and man are understood, such
modelling methodology can also be used for estimat-
ing the|time \to development of untenable conditions
in either real or simulated fire scenarios.

modelling. A publication in 1981 by S.C. Pagkham and
G.E. Hartzelll4l%_“together with the work of
P.W. Smithl5],” established a foundation |for such
modelling~in the United States. Research in this area
advanegd“considerably during the 1980's, |[such that
more.recent publications by G.E. Hartzglllé to 8],
B.C.Levinl® and  10] D.A. Purserl1] and
Y, Tsuchiyal12] set the stage for the develppment of
toxic hazard modelling which takes int¢ account
combinations of toxic insults as they woulf occur in
a fire.

3 General concepts

Basic to all the modelling techniques is [some ex-
pression of the concentration of a toxicant relative to
that concentration known to cause a partifular toxic
effect resulting from a given time of expogure. Lack-
ing in some of the early development effgrts was a
clear concept of the “dose” of a toxicant, along with
appreciation of its utility as a tool in modslling. Also
lacking was a good base of toxicological data appro-
priate for short exposures to relatively high concen-
trations of toxicants. Additionally, there was
insufficient understanding of relevant labdratory de-
composition models upon which the toxicological
modelling was to be based.

The development of smoke toxicity modelling began
in the late 1960's and continued into the 1970's, with
concepts proposed by Y. Tsuchiya and K. Sumi at the
National Research Council Laboratories in Canadall
and 2], A deterrent to its acceptability at that time was
the widely-held perception that the toxicity of smoke
could be as complex and as exotic as its composition.
However, work in the United Kingdom by D.A. Purser
and W.D. Woolleyl3] demonstrated that smoke
toxicity could, to a large extent, be explained both
qualitatively and quantitatively in terms of a small
number of important toxic gases. This provided sup-
port for the potential validity of smoke toxicity

Quantification of “dose” has been fundamental to the
development of methodology for modelling the
toxicological effects of inhalation of fire gases,
whether in laboratory animals or humans. Physiolog-
ical responses are usually dose-related, i.e., the mag-
nitude of the effect increases with increasing
amounts or accumulated body burden of a
physiologically active agent. Since the actual dose of
toxicants from inhalation of fire effluents cannot be
measured directly, the assumption is made that the
dose is a function of fire effluent (or toxicant) con-
centration and exposure timel13l. This dose is really
an expression of the insult to which a subject is ex-
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posed. The term “exposure dose” is probably more
accurate and has become the preferred term in com-
bustion toxicology.

Concentrations of common fire gas toxicants, such as
carbon monoxide and hydrogen cyanide, are usually
expressed as parts per million by volume [ppm
(VIV)]. Therefore, the exposure dose can be ex-
pressed as the product of the concentration, C, and
time, ¢, (usually expressed in ppm- mln) ln the case

exposlire dose is actually the lntegrated area under a
conceptration vs. time curve.

Often,|the concentrations of fire gas toxicants are not
knowr]. In that event, one can still deal with the con-
cept of exposure dose as it applies to smoke. Since
smokg concentration cannot be quantified, an ap-
proximation is made that the smoke concentration is
proportional to the mass loss during a fire. The inte-
grated| area under a mass loss per unit volume vs.
time clurve thus becomes a measure of smoke expo-
sure dpse (usually expressed in g-m—3-min){14 and 15],
(This goncept of smoke exposure dose is described in
ISO/TR 9122-2.) Smoke exposure dose at any point in
time ¢an be calculated from data obtained from a
laboratory combustion device, instrumented exper-
imentgl fires, data generated from mathematically
modelled fires and even data estimated from real
fires.

In order to model the toxic effects of exposure to firé
effluents, it is necessary to obtain two basic pieces
of information:

a) thg exposure dose C-t generated by the fire (for
the major toxic gases in the smoke or for the mass
losp of the materials being combusted); and

b) thg exposure dose C-t reqlired for a given toxic
effect (lethality or incapacitation).

Elementary approaches(to ‘estimation of toxic hazards
can be based on simple mass loss per unit volume
data, ile. how much fire load is consumed and into
what yolume itchas been dispersed. Recognizing that
most mnateriais-typically exhibit 30 min LCgq values for
their fire .effluents in the range of approximately

ties that are generated from a fire, transported and
then administered to exposed subjects.

4 Predictions involving one single fire
gas

The simplest form of modelling involves the situation
in which only one toxic fire gas is considered and
where exposure doses assomated with given effects,
] for any ex-
posure concentration (xe Habers ruIe i$ valid and
C't =k, where k is a constant exposure’dose required
for a given toxic effect). Unfortunately, tHis may not
be the case over the range of ¢encentrations of in-
terest and it is desirable to detérmine the dependence
of the effective exposure dose on the concentration
of the toxicant. In practic&it has been found that the
exposure dose required to cause a particular response
decreases with increasjng concentration of a toxicant.

Numerous laboratery studies have involved the most
prevalent gasgous fire effluents, i.e. CO, CO,, O,,
HCN, HCI, HBand NO,, with exposure dojses associ-
ated with{ethality of rodents (mice, rats and guinea
pigs) being reasonably well characterized. [ Cgq values
from.the literature are given in tables A.1 tp A.6. With
theJinclusion of some limited data on mag¢aque mon-
keys, baboons and humans, the data appar to sug-
gest that, overall, the rat may be a reasonable model
for humans with regard to lethality. (Sublethal effects,
especially respiratory effects of irritants, are another
matter, and the rat may not be an adegyate model;
however, some data are available for pri[mates and
humans.)

Once effective exposure doses are characterized, the
concepts of the fractional exposure dose,|along with
the summation or integration of fractiongl exposure
doses, result in workable tools in ¢ombustion
toxicologyl5 to 9, 11, 17 and 191, |ncrementgl exposure
doses C-dt are calculated and related to the specific
C-t exposure dose required to produce| the given
toxicological effect. Thus a fractional effgctive dose
(FED) is calculated for each small time interval. Con-
tinuous summation of these fractional effeftive doses
is carried out in order to calculate the agcumulated
exposure dose.

Mathematlcally, the model for an mdlwduTI toxicant i

30 g'm A~ minl16], the US National Institute of Stan-
dardsnm,ee—a—b&he!

tenability limit of 900 g'm™3 minl17] if actual material
data is unavailable. The British Standards Institution,
somewhat more conservatively, employs a value of
500 g'm™> minl18]. These simple methods avoid the
use of individual material LCgq values, which are not
always known.

In the case of real fire scenarios, smoke transport,
dilution and layering calculations can provide for esti-
mation of smoke exposure doses presented at the
breathing zone of subjects even in areas remote from
a firel171. It is an important concept that “toxicological
exposure doses” can be visualized as quantified enti-

varil UU UAPIUDDCU ao.

t
G
J:O o) dt .

Most toxicological modelling methodologies make
use of this concept in one form or another.

5 Predictions involving multiple fire
gases

There are two methods for predicting the toxic effects
of fire effluent atmospheres containing multiple
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toxicants. One is an empirical method involving mass
loss measurements combined with toxic potency data
of the material involved obtained from animal expo-
sure data; the other is based upon analysis of the
composition of the atmosphere in terms of the major
known toxic products. The latter is then used to make
predictions from the known effects of these gases
and the interactions between them.

5.1 Use of mass loss measurements

ISO/TR 9122-5:1993(E)

where toxic effects are being assessed for a fire that
starts in the non-flaming mode and progresses
through early flaming to become a large post-
flashover fire, it will be necessary to use different le-
thal mass loss exposure doses for each stage of the
fire.

5.2 Use of analyzebd concentrations of major
toxicants

This agproach may be used to make assessments of
the toxic effects, in particular lethality, of mathemat-
ically npodelled fires, large scale experimental fires or
real firg¢ scenarios involving one or more materials.

For thig method, it is necessary to determine the rate
of masls loss of the materials in the fire, either by di-
rect measurement or by mathematical modelling of
fire grgwth and mass loss. The latter is based upon
input data from small scale tests or other sources.
The mass loss curve for the fire is then used in con-
junctiop with toxic potency data for the specific ma-
terials @s derived from small scale bioassay tests. The
basic method for the determination of the toxic
potency of the combustion products from individual
materidls is to perform a small scale combustion
toxicity| test on a material under conditions relevant to
those in the fire and to find the lethal mass loss ex-
posure| dose (LCtgg) expressed in g'm—3:min or the
equivalent. The mass loss curve for each material in
the ful| scale fire is used to perform a fractional ef-
fective|dose (FED) analysis in the same way asfor a
single [gas as described previously. Where several
materigls are involved in a fire, the FEDs of ach ma-
terial gre summed since, in practice, €agh material
produces certain yields of the common major
toxicarfts which are mixed together-in the smoke. A
number of practical and essentially similar methods

for apglying this approach have\been published I8, 11,
17 and 18] .

The advantage of this approach is its simplicity, since
it requjres a knowledge only of the mass loss con-
centrafion curve fordhe materials involved in the fire
and th¢ toxicities of those materials in terms of mass
loss (¢ produets. It is robust in that, in practice,
LCtggs| of /many tested materials have been shown
from gmall scale tests to fall into approximately one

The disadvantages are that it normally only provides
lethality information and does not allow for physio-
logical deviations from ideal behaviour. It is also nec-
essary to assume that lethal exposure doses in rats
are similar to those in humans. Further, the method
assumes that the toxicity of a material in a real fire
will be the same as that in a small scale test. The last
objection is probably the most serious limitation, but
it can be overcome to some extent providing that care
is taken that the small scale bioassay combustion
toxicity tests on materials are conducted under con-
ditions similar to those in the full scale fire. Thus,

Fhis—approach—mekes—predictions—of—toxic  effects
based upon chemical analysis of the-~primary com-
bustion products in the fire effluent along yvith know-
ledge of the toxic effects and toxic ‘intefactions of
these products. It has two types’of application. One
is to replace or limit the use of animals in $mall scale
bioassay combustion toxicitintests. If the lgthal expo-
sure dose to rodents for, a“particular test agmosphere
from a material can be‘predicted from thel measured
atmosphere composition, then animal exppsures can
be avoided or used“in a limited way to confirm the
prediction. The“other application is to make pre-
dictions of theylikely incapacitating or letha| effects of
exposure ©f humans to large scale or real fire atmos-
pheres~This assumes a correlation betwg¢en animal
and_hufnan responses.

The“full consequences of exposure to atmospheres
¢ontaining multiple toxicants have only recently been
examined in detail. Toxic fire gases may b¢ classified
into two main types, those whose main gffect is to
cause tissue hypoxia by impeding the delivery or use
of oxygen in the tissues (carbon monoxide}, hydrogen
cyanide and low oxygen hypoxia) and thoge that are
irritant, causing pain and tissue damage ugon contact
with the eyes and respiratory tract epithelfum (princi-
pally organic irritants and acid gases). In pddition to
these, carbon dioxide is important, particularly due to
its effects on respiration. A final class may be as-
signed as “unusual” toxicants.

Since the main fire gases within each ¢lass exert
similar physiological effects through related mech-
anisms, it is not surprising that they are bgsically ad-
ditive in their overall effects. What is now emerging

roughly addltlve in contnbutmg to incapacitation or
death. It should not be unexpected that varying de-
grees of a partially compromised condition may be
roughly additive, since an examination of the physio-
logical mechanisms whereby these toxicants exert
their effects reveals a number of possible interactions,
and these effects have been demonstrated in a num-
ber of studies. This principle of additivity is a key el-
ement in the assessment of toxicity from analytical
data.

One of the reasons for these interactions, and a fur-
ther complication with combined toxicants which is
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more difficult to deal with, is that an individual toxicant
may have physiological effects other than those of its
principal specific toxicity. One obvious and very im-
portant effect is when toxicants affect respiration.
Hydrogen cyanide causes hyperventilation, with up to
four-fold increases in ventilation (respiratory minute
volume RMV) being reported for monkeys early in an
exposurel20]. This hyperventilation in primates (which
eventually slows as narcosis results) can result in
faster incapacitation from HCN itself than would oth-
erwise be expected, along with more rapid uptake of
CO and formation of carboxyhaemoglobin (COHb),
should CO plso be present. Similarly, carbon dioxide,
although relatively innocuous itself at concentrations
of up to 4 %, is a powerful respiratory stimulant
causing an|approximate doubling of respiration at a
concentratipn of 3 % to 4 % and trebling of respiration
at 5 % to § %[111. This increases the rate of uptake
of any othgr toxicants present approximately in pro-
portion to the increase in ventilation. The inhalation
of irritants glso affects respiration and thereby can af-
fect the uptake of asphyxiant gases. Although in the
rat, respiratory depression resulting from HCI
inhalation can slow the uptake of COI21], inhalation of
irritants sudh as HCl by primates tends to cause an
increase in| RMVI3L. Lung function changes are in-
duced which appear to impair oxygen uptake into the
blood[22], thereby potentially adding to the hypoxic
effect of inhaled narcotic gases.

Allied to thgse respiratory effects is the development
of acidosis.|Evidence is emerging that metabolic aci-
dosis, resulting from tissue hypoxia induced by gases
such as CQland HCN, combined with respiratory aci
dosis causef by inhalation of CO,, or stagnant hypoxia
induced by frritants, can result in toxic effects-notob-
viously predictable from the effects of the individual
gasesl9, 23 gnd 241 With all these effectstpossible in
the inhalatipn of mixtures of toxicants~in real fire
effluents, the situation is extremely complex. Very lit-
tle research using toxicant combinations has been
conducted Using primates and d¢he’full extent of the
combined gffects on incapacitation and death of hu-
mans expoged to fire gas combinations is not yet fully
understood,

In spite of|the complexity of dealing with atmos-
pheres containing-~multiple toxicants, considerable
progress hap beéen made in confirming and quantifying
some of thgse_effects from studies with rodents. For

gases has already been mentioned, but apart from
this, it is a narcotic in its own right at concentrations
above 5 %, causing impairment or loss of conscious-
ness in humans. Increased incidence of lethality (par-
ticularly postexposure), has been observed with
certain combinations of CO and CO,[23], possibly as-
sociated with the combined insults of respiratory aci-
dosis (from the CO,) with metabolic acidosis (caused
by the CO), a condition from which the rodent has
difficulty recovering postexposure. Other studies with
rats involving CO, have show inati f CO,
and NO, to exhibit synergisml24],

In the case of mixtures of hypoxic gases ahd an
irritant gas (hydrogen chloride), analysis of the
toxicological data shows that exposure doses Ig¢ading
to lethality of rats can also be addjtivel21 and 301 Al-
though not yet confirmed withhprimates, thesq stud-
ies imply that hydrogen chigrideé can be much| more
dangerous than previously“thought when in thq pres-
ence of carbon monoxidé)land vice versa). A rapid re-
spiratory acidosis was) seen in the blood of rats
exposed to HCI “which, when coupled with the
metabolic acidosis‘produced by the CO, resulted in
severely comprémised animals. It is also possible that
in humans{impairment of oxygen uptake into the
blood ocsurs as a result of ventilation perfusion
changés.caused by inhalation of irritants. This can also
be additive with the hypoxic effects of CO and|other
gases. These effects can have significance with re-
gard to human fire exposures, impairing escape ca-
pability and leading to a prolonged hypoxpemia
following rescue. The importance of these ph¢nom-
ena to humans is supported by evidence that the in-
capacitating effects of carbon monoxide cdn be
enhanced in primates upon simultaneous expospre to
HCI, the presence of which causes the partial| pres-
sure of oxygen in the arterial blood tp be
decreased!22]. This is presumably the case with|other
irritants as well. It has been observed that thefe can
also be additivity of fractional effective dosegs be-
tween HCl and HCNI30L. Particularly striking was the
incidence of postexposure deaths from cdncen-
trations of the toxicants, each of which alone ywould
not be expected to result in any postexposure
lethality. Deaths often occurred several days after ex-
posure.

Interactions between multiple combinations df fire
effluent toxicants have been particularly well studied

example, it is now well established that carbon mon-
oxide and hydrogen cyanide are additive when ex-
pressed as fractional exposure doses required to
cause a toxic effectl?. 9 and 10l This effect has also
been reported for dogs and primates(25 and 261, Thus
to a reasonable approximation, the fraction of an ef-
fective exposure dose of CO can be added to that of
HCN in estimating the presence of a hazardous con-
dition. When low oxygen is added to either or both
of these hypoxic gases, there is evidence that a fur-
ther additive effect occurs based on studies in
rodentsl9: 27 and 28] and humansl29). The effect of
CO, in increasing the rate of uptake of other toxic

using mice, by T. Sakurai at the Research Institute of
Marine Engineering, Higashimurayama, Japan[271. |n
general, these studies confirmed the effects reported
and predicted by other investigators, giving additional
confidence to predictive modelling by the methodol-
ogy described.

A current limitation on the predictive power of gas
combination toxicity models is in the area of irritancy.
Only a small number of irritant chemicals are routinely
measured in smoke, although at least twenty have
been identified. There is also evidence that smoke is
more irritating in practice than would be predicted
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from even a comprehensive analysis of its compo-
sition, so that other factors, in addition to simple
chemical toxicity, are possibly involved(11]. Two that
have been identified as important are the irritant ef-

anta ~fF ~arkia ~mnttar (am~tl Aarmsin ~ adanrhad

belD O1 pdlllbUldlU fratietr \Suuy ballyllly auosuIvTu
toxicants deep into the lung and the possible role of
free radicals in smoke in causing deep lung
damagel11]. These areas require further investigation
in order to improve the predictive power of models.

Currently, the only way that smoke irritancy can be
ney. frnm

ISO/TR 9122-5:1993(E)

6.1.2 Purser mass loss FED model

A similar model has been proposed by Purser which
also relies upon knowledge of mass loss burning rate

and dienaraal unhamaf‘l’]] A cimnle elamentans caleni-

aliu Jviopuilioal vuidinict M OHIVIT, il hiviiildly vaivu

lation makes use of a srngle average mass 10ss expo-
sure dose for lethality for all materials of
300 g-m'a-min. For more advanced calculations, use
is made of LCtgg data for individual materials obtained
under conditions relevant to the fire condition being

modelled  (non-flaming, early flaming or post-

to pregiict these effects as effectiveiy as those of
hypoxi¢ gases can now be predicted.

6 Fractional effective dose models

6.1 Mass loss models

The dgvelopment of toxic conditions and estimates
of toxi¢ hazard in full scale fire scenarios can be made
from 1nass loss (mass burned) concentration-time
profileg and toxic potency data for the materials in-
volved| The justification for this approach is based
upon the demonstrated additivity of fractional effec-
tive dg¢ses (FEDs) of many of the individual toxic
gases |n fires.

6.1.1 |Hartzell-kEmmons mass loss FED model

Using this concept, an FED model using:mass loss
toxicity data for individual materials has been devel-
oped!8]. The FED model takes the form of expression
(2) for |n materials. The total fractional effective expo-
sure dpse at any time, ¢, would be:

L t
C;— b
M [ e e
i=p o)
where
C; tfepresents smoke concentration (from

mass burning rate data);

and b; characterlze the toxicity of component

tlvely the slope and mtercept of a plot
of LCgg vs. 1/time-of-exposure for
component i.

In order to prevent “negative doses” from accumu-
lating when C; is less than b, the lower limit for the
integration is the value of ;; when C; is equal to b;. The
time at which expression (2) becomes unity (100 %)
is the time of exposure which would be expected to
result in 50 % effect. Computer programs, using a
variety of fire scenarios and material input data, have
been developed for assessing potential toxic hazard
for fires involving several materials simultaneously.

fiashover).

6.1.3 British Standards Institution mass$ loss FED
model

A third, and quite similar.medel has been published
by the British Standards “Institutionl18]. This model
also relies on knowigdge of the mass ioss burning
rate for each material in the fire and the vpolume into
which the products-are dispersed. Individual materials
are allocated toxi¢ potency factors relative to wood
(derived fromsmall scale LCtgq data) for input into the
calculations

6.1.4\. National Institute of Standards and
Technology (USA) Hazard | model

The tenability (TENAB) routine used in the Hazard |
computer program allows the utilization pf a mass
loss rate model, with input supplied by the Fire and
Smoke Transport (FAST) part of the modgll17]. FAST
is a program which calculates the evolving fistribution
of smoke and fire gases and the temperature
throughout a building during a fire. FAST |essentially
solves a set of equations that predict the change in
the energy (and thus temperature) and mass (and thus

ing) these concentrations over time in
example, an occupant is initially exposed t
layer until the interface reaches head heig
that this occurs is obtained from the interf
data for that room. Thus, the exposure

exposure is the sum of the exposure doses accumu-
lated in each room until the occupant exits the build-
ing. In the absence of other information, all materials,
are assumed to have LCtgg values of 900 g-m'3-min.
Other values can be chosen by the program operator
in order to address incapacitation, for example.

6.2 Toxic gas models

These methods all depend upon knowledge of the
composition of a combustion product atmosphere as
a function of time during a fire or fire test, and of the
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toxic effects of the various combustion product com-
binations. Although there are a very large number of
toxic products in fire atmospheres, the finding that a
relatively small number are most important enables
models based upon this concept to be used. They are
all based upon the concept that the fractional expo-
sure doses for each gas are primarily additive. The
development of toxic conditions or toxic hazard in a
fire or fire test may therefore be estimated from the
concentration-time profiles of the combination of the
individual toxicants:

for any time of exposure can be calculated. One re-
ported example, based only on CO and HCN, gave a
predicted .30 min LC5y value for a material of
11,4 g-m'a, in excellent agreement with 10,5 g-m'3
determined using biossay methodsl7l.

6.2.2 National Research Council (Canada) model

The basic FED concept, expressed somewhat differ-
ently, can also take the form,

The majority of these methods, based upon rat
lethality datp, are particularly useful for predicting the
lethality of ghemically analyzed atmospheres in small
scale tests| They enable the principle of toxic gas
additivity, along with more subtle interactions, to be
tested experimentally. They enable first approximation
predictions [of the toxic effects of combustion pro-
ducts from|materials under different decomposition
conditions. The methods can also reduce the need for
animal expgriments, but when used in conjunction
with animalfexposures, it is possible to determine to
what extent the toxicity of the combustion products
from mateffials can be explained in terms of the
known toxi¢ants. To the extent that lethal exposure
doses in the rat are similar to those in humans, which
is considerdd to be approximately the case, it is also
possible to pnake some predictions about the possible

where meapurements of the major toxicant concen-
trations have been made.

6.2.1 Hartzell-Emmons toxic gas FED model

The fractiopal effective dose model of Hartzell-
Emmonsl8] was originally developed for modelling the
additive lethal effect to rats of gases jn‘combination
in small scale tests. The model has so-far’been limited

LCsp vs. thg reciprocal of the time of exposure for

theoretically capable of predlctmg LC5° values in the
testing of many materials for the toxicity of their fire
effluents. This is done by measuring toxic gas con-
centrations as a function of time over a range of ma-
terial mass loss values. The model is then used to
estimate the mean time of exposure for each mass
loss value which would be expected to cause lethality,
with the approximation that each such mass loss
value represents the LCgq for that exposure time.
From the developed relationship between mass loss
and exposure time to cause 50 % lethality, the LCsq

!
aj [C(t- 1% - c®dr .3
o

where

c° is a threshold concentration of the
toxicant;

t is the minimumtime for a toxicologital ef-
fect to occur; and

a is a constant specific to the toxicantl12],

As with the FED model, constants are determined
from a concéntration-time-response database for the
toxicant. Agreement between the two methods de-
scribed for'prediction of incapacitation or death ¢f rats
exposed to either CO or HCN is surprisingly gogd.

The*NRC model for predicting toxicological effects of
individual fire gases has also been expanded to handle
multiple component mixtures. The mathematigs be-
come very complex and application of the model for
this purpose has not been practised.

6.2.3 National Institute of Standards and
Technology (USA) N-gas model

Another approach to toxicological interactions be-
tween common fire gases is that of the [N-gas
modell®l. The N-gas model is based upon studjes of
the lethal interactions in rats of up to five gaseg (CO,
CO,, HCN, HCI and low O,)311. A form of thg FED
model, it uses the time-integrated average cdncen-
trations of individual gases in cases where cgncen-
trations change over time. It is used largely for
30 min exposures to constant concentrations;|how-
ever, other exposure times have been used. Thg main
usefulness of the method is to predict LC50 alues
aterials
tests or smoke samples taken from Iarge scale tests
and to determine the extent to which rat lethality can
be explained in terms of the four common gases.

Equation (4) has been experimentally derived to pre-
dict the death of 50 % of exposed rats either within
an exposure or within a 24 h postexposure period for
the four gases:

mboo , uen  21-%, (B
bco,~b  LCsomen 21-LCq g,
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where modell17]. This gives Hazard | the capability of hand-

i ) . ling concentrations of mixtures of fire gases over time

éco is the concentration of CO, expressed in increments.
parts per million by volume;

dco, is the concentration of CO,, expressed as . o
a percentage by volume; 6.2.4 Human incapacitation model

ducn  is the concentration of HCN, expressed in This model, also based on FED concepts, is applied
parts per million by volume; to actual physiological uptake functions and to effects
. of the major toxic fire gasesl11l. It is designed to pre-

¢ - is the concentration of ﬂ" m('nrpqqu as 3 rhr-f fr\v:n ha-rarrl |n tOrmS nf nvnncnrn dos and t|me
percentage by volume; to mcapamtatuon for humans in flres andyis intended

m pnd b are respectively the slope and intercept
of the interactive curve of CO and CO,
which depicts the increasing toxicity of
CO as CO, concentration increases up to
5 %.

The LICgq values of the individual gases will change
dependling on the exposure times. For a 30 min ex-

for use in fire engineering calculations-of’mpdelled fire
scenarios, full scale fire tests and data relgted to real
fire victims. Like all the multiplé toxicant
relies on measured or calculdted concenfration-time
data for the important toxic.fire gases. Pdtentially, it
is possibly the most sophisticated of modgls, making
use of known physiolégical reactions of
CO, CO,, HCN, oxygen vitiation, irritants
heat and smoke,obscuration. The FED eglations de-

models, it

humans to
and even

233:{: : lég%)b%) (‘e/;q‘t;l)alfsof d%g?thglém :i?l;g Lvsi?%i*r']c’; veloped for the\model are derived primarily from ex-
30 min exposure or.1 10 ppm (V/V) for deaths occur- perimental data obtained with humans and| primates.
ring dyring a 30 min exposure plus a subsequent The major, strengths of the model lie in itq treatment

24 h postexposure observation period; 50 % of the
animals die in 30 min when ¢q_equals 5,4 %. m and
b equdl —18 and 122 000, respectlvely if the CO,
concerjtrations are 5 % or less; and 23 and — 39 000
respectively, if the CO, concentrations are above
5 %. The period under consideration here is restricted
to 24 h. A more recent version of the N-gas modél
also [includes a term for incorporating _ the
postexposure lethality of rats due to the pulmonary
irritant|effects of HCI31l. The term is based-¢n a se-
ries of [LCgq values for HCI for various exposure times
(see table A.3), with the 30 min LCgq“being most
commonly used.

Since fthe concentration-resporise curves for animal
deathg from combustion products are very steep, the
assumption is made thatCif-any percentage of the
animalp die (not includifig 0 or 100 %), the concen-
tration[should be clos€ tothe LCgq value. Examination
of a sgries of pure‘gas experiments in which various
percerntages of thé animals died indicated that the
mean [N-gas walue was 1,07 with 95 % cornifidence
limits pf 0,200391. Deaths below this range may then

of thefmajor hypoxic fire gases, CO, HCN, low oxygen
and:€O,, and also its treatment of radiant and con-
veécted heat and smoke obscuration. It
limitations of the other models with regard
The model treats hypoxic and irritant effetts as sep-
arate, whereas recent work has shown that irritants
also add to the hypoxic insult in fires. Apart from this,
the irritant effects of common acid gasegs such as
HCI or HF can be modelled in terms of their sensory
irritant and lung irritant effects. Sensory
treated as concentration related, while lupg irritancy
(inflammation and oedema) is treated as dgse related.
For the majority of fire atmospheres, which contain a
mixture of organic and acid gas irritants,
modelled in terms of mass loss exposufe concen-
tration and dose. A mass
1,0 g-m"3
capacitation due to sensory irritation and gn accumu-
lated exposure dose of 300 g-m'a-min is
likely to cause serious postexposure lyng inflam-
mation.

shares the
to irritants.

irritancy is

irritancy is

loss conceptration of
is considered to produce a degree of in-

considered

The complexity of the physiological model requires

be attfibdted to the additional toxicity contributed by one to consult the literature for details; hqwever, the
other L&M_Ammwuhiam_ i- madel can be summarized as follows:

mals would be expected to die.

a)
The N-gas model has value in indicating the extent to
which the lethal toxic potency of a fire effluent at-
mosphere is due to the four common gases and,
thereby, can be used to minimize animal exposures in
small scale tests and to detect situations where ma- c)
terials produce combustion products with unusual
toxic potency.

b)

A variant of the N-gas equation has been developed d)
for use in the tenability (TENAB) routine of the Na-

tional Institute of Standards and Technology Hazard |

CO and HCN are considered to be directly additive..

CO, increases the rate of uptake of CO and HCN
in proportion to its effect on the RMV.

The narcotic hypoxic effect of low oxygen hypoxia
is considered to be directly additive to the com-
bined effects of CO and HCN.

The narcotic effects of CO, above 5 % concen-
tration is considered to act independently of the
effects of the other gases.
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e) Fractional exposure doses of HCN and low oxygen

hypoxia

are concentration and time dependent,

while the dose of CO causing incapacitation is
considered to be independent of time for periods

of up to

f) Irritancy

1h.

acts independently of hypoxic narcosis.

(Adjustments of the model to accommodate such
interaction are under development, however.)

éco, Is the concentration of CO,, expressed as
a percentage by volume;

dnen I the concentration of HCN, expressed in
parts per million by volume;

$o, s the concentration of O,, expressed as a

percentage by volume.

Having calculated the effects of the narcoti

c fire

gases, steps are then taken to assess the effects of

Base_d ont n and
Lracgiigarl,a,szizag'st?gﬂgw d'ose (FID) equation  for sensory and lung irritation. In the humgn in-
P i S capacitation model, sensory irritation, radiant-hept and
Fly = [(Flco + Flhen)Veo, + Flol .. (D) smoke obscuration are treated as threshold yalues
which, if exceeded, would indicate ,that hazgrdous
or conditions capable of causing some degree [of in-
capacitation would exist. Lung irritation, conyected
Fiy = [(Flco + Fluen)Veo, + Fleo, ) . (6) heat and the effects of hypoxic-gases are cons|dered
to be accumulated in the fofm of fractional exgosure
where doses, but each is treated as acting independently
such that incapacitation-is predicted when th¢ FED
Fly  fraction of an incapacitating exposure dose of any one of these\factors reaches unity. Ddath is
bf all narcotic gases; considered likely t0) occur when any of the factors re-
. ) o aches an FED.ef approximately 2.
Flco fraction of an incapacitating exposure dose
pf CO; The human‘incapacitation model may be simplified by
. . I using the*following approximation to Flsg for|1 min
Fluen 1;&1(383‘01‘ an incapacitating exposure dose expasutes to CO:
e . _ ¢co 2
Voo, [nultiplication  factor of CO,-induced Fleo =55 000 -(12)
nyperventilation;
Flo  fraction of an incapacitating exposure dosé where ¢co is the concentration of CO, expresped in
bf low oxygen hypoxia; and parts per million by volume.
Flco, {raction of an incapacitating expos(re dose FIDs for 1 min exposures to low oxygen and HCN for
bf CO,. different exposure concentrations are given in
table 1.
For a 1 min exposure to each gas, the following ex-
pressions may be used:
e [82925x 107 4o -
co = 30 ' Table 1
1 0 HCN
FIHCN = . (8) 2 Fi FI
exp(5,396< 0,023 ¢ycn) % ) opm (V/V) HEN
exp(Q,190 3 ¢¢p, + 2,000 4)
Veo, = = ioz E) 2110 13 0 0 to 50 0
' 1310 12 0,02 50 to 100 0,06
1
Flg = .. (10) 12to 11 0,05 100 to 125 0,10
8,13 -0,54(20,9 -
SxpLS, 0.54(20.9 = 6o, 11 to 10 0,08 125 to 150 0,15
Fleo, = 1 AN 10to 9 0,15 150 to 175 0,25
* exp(6,1623-0,518 9 éco) 9108 0,25 175 to 200 0,50
8to7 0,40 200 1,00
where 7106 0,70
¢co is the concentration of CO, expressed in
parts per million by volume; L G
The multiplication factor for hyperventilation induced

by CO, is shown in table 2.
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based upon empirically derived mass loss toxicity data
and those based upon measured, but often changing,
concentrations of known toxicants in the smoke.

The main advantage of the mass loss models is that
they can be simply applied to either small or large
scale fires providing that the input data, in the form
of mass loss for the materials involved, dispersal vol-
ume and rat lethality exposure dose data, are available
for the materials involved. All four models should give
very similar numerical answers if run with the same

Table 2
CO; concentration, ¢, Hyperventilation
multiplication factor,

% Veo,
0to?2 1,0
2t03 1,5
3to4 2,0
1705 75
5t06 3,0
6to7 3.6
7t08 4,5
8to 10 4,8

A mass loss concentration of 1 g-m‘3 is considered
to cause sufficient sensory irritation to result in in-
capacitation, while a mass loss exposure dose of
300 g-n‘s-min is considered capable of causing se-
vere ppstexposure lung inflammation.

7 Conclusions

Methogology for the prediction of the toxic effects of
fire effluents has made considerable progress, but is
still very much in a developmental stage. Several
model$ have been developed, each with some rea-
sonably credible applications but each still with cor¢
siderabple limitations. The reader is directed to.the
origina| literature for detailed examples and-illus-
trations of the models. Most often limiting has been
the avpilability and quality of input data~As yet, fire
growtlh models are not capable .of predicting
concentration-time profiles of toxicants; neither are
such data generally available from\published reports
describing full scale fire tests.

In corpmon among all the-methodologies are the
concepts of the accumulation of exposure doses of
toxicants and of the additivity of toxicological effects
for mdst tested gases,”each toxicant taking its toll of
an exgosed subject-in its own way, as it contributes
to the pverall insult. (An exception may be the effects
of sengory irritation, which are not dose related, even
though different sensory irritants may, themselves,
be corlsidered additive.)

input data. It should be emphasized that_they all as-

sume that lethal doses to humans will\be
as those to rats.

Of the toxic gas concentration models, the

the same

FED model

is a powerful method for predicting rat lethality in ei-

ther small or large scale fire\tests, particu
the concentrations of the-gases conside
with time. It has, thefefore, the potential g
predicting LCgg values in the testing of
terials for the toxieity of their fire effluents.
can also be usedto predict the developm
ditions hazardous to human life, assuming
ship to ratdethality. The N-gas model can b
predicting’rat lethality from the five gases
Lack.of confirmation with animal exposurg
reveal the potential existence of other to
Jhe human incapacitation model, designed
for prediction of incapacitation hazards i
uses rodent sensory irritation and lethalit
for the assessment of irritancy. The model
does not apply to the testing of materials
oratory and to the potential reduction of
animals for such testing. However, to a la
it replaces the need for such tests. Where
and human incapacitation models are extr
make predictions of lethality in humans, th
be reasonable agreement between the reg

Each model has its own particular utility,
upon the input data available and the ok
sired. When predictive modelling is applied
fire scenarios, it is often desirable to use ¢
more than one model. When available, usq
made of both mass loss and toxic gas co
data. Selection and appropriate use of g
model should be under the guidance of
professional skilled in the various tech

arly where
ed change
apability of
many ma-
The model
ent of con-
a relation-
e useful for
considered.
s can thus
Kic effects.
specifically
n humans,
data only
therefore,
in the lab-
the use of
rge extent,
rat lethality
hpolated to
ere should
ults.

depending
jective de-
to specific
lements of
should be
ncentration
predictive
an expert
hiques. Al-

though modelling methodology has adyi

anced sig-

The models, differing somewhat in the input data re-
quired and in their application, are of two types: those

niricantly, consiaerable juagement IS Sttt

equired in

the current state-of-the-art of predicting the toxic ef-

fects of fire effluents.
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Annex A

(informative)

Lethal toxic potency tables for fire effluent toxicants

< " £+ Sat ™ Lal PN
VUTIVUO UoUTo UT UTTCOoU Udild oTTvuUilu VUTTOUTL LT

Lethal toxi

+ I al ) 1 PPy PN 1 1
MULTTIVY {LUR()/ VAdIUTO ait olaliotival udl

culations and are always associated with confidence
limits, usually 95 %. In the interest of simplifying the
following taples, the confidence limits are not shown.

ture for the confidence limits, as well as-fop
complete description of the experimental detail

Table A.1 — Lethal toxic potencies of carbon.monoxide

LCgp values in ppm (V/V)

Exposure .
time Rats Mice G:i';:a Monkeys" Humans!
min
1 107 000 2
42 5002
14 000 2 6 000 to 8 0003), 4 | 6 000 to 8 0003, 4
10 98002
20 7 4002
30 6 6002 3 5705 17 500 6 900 to 1 000 3, 4 1000 to 2 0003, 4
64007 35008
5 000 to 6 PO0Y
5 500,3!
5.275 10)
60 49002

2) <tevin: see reference [32].

3){ Kimmerle: see reference [33].

»

Purser: see reference [34].

1) These.values are for incapacitation of a subject engaged in light activity. It is estimated that death
is likely-at approximately twice these concentrations.

litera-
more

D.

10

o O

)

)

) Hilado: see reference [35].
) Hartzell: see reference [36].
)

7
8) Alarie: see reference [37].

Hartzell: see reference [21].

9) Herpol: see reference [38].
10) Lynch: see reference [39].
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Table A.2 — Lethal toxic potencies of hydrogen cyanide
LCgq values in ppm (V/V)

Ex:)i::re Rate Mice G:ii;:a Primates/humans

min Incapacitation Death)

1 30002
16002
570 2 150-10{200 3), 4 250 to 400 9

10 290 2 166 6

20 170 2

30 110 2 201 M 90 to 120 3, 4 170 to 230 5
160 8
170 9
142 10)
200 1M
157 12
116 13

60 90 2

1) These values are not.ECsps, but are estimates based on available data.
2) Levin: see reference-{32] — includes 24 h postexposure.

3) Kimmerle: see reference [33].

4) Purser: see-teference [40].

5) Purser.-see reference [40].

6) Alatievsee reference [37].

7). Hartzell: see reference [36] — includes 24 h post exposure.

8)/Levin: see reference [32] — within exposure only.

9) Hartzell: see reference [6] — within exposure only.

10) Kimmerle: see reference [33].

Iy —Kimmerier see reference (337
12) Yamamoto: see reference [41] — within exposure only.
13) Lynch: see reference [39] — includes 24 h postexposure.

1
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Table A.3 — Lethal toxic potencies of hydrogen chloride
LCgq values in ppm (V/V)

Exposure
time Rats Mice Guinea pigs Primates/humans?
min
5 159002 13 7453 17 000
10 83702 101384
16 89202 2.9005) 10 000
22,5 59202
30 38002 2 6443 13509 5000
60 28102

1)
5

jects that survived indefinitelyl42],

These values are not LCgps, but estimates based on conditions of animals after exposure’ [The
min exposure resulted in postexposure deathsl45l. The 15 min and 30 min exposures yieJded.sub-

2) Hartzell: see reference [42] — includes 14 d postexposure.
3) Darmer: see reference [43] — includes 7 d postexposure.
4) Alarie: see reference [44] — includes 3 h postexposure.
5) Hartzell: see reference [36] — includes 14 d postexposure.
Table A.4 — Lethal toxic potencies of “low oxygen hypoxia”
LCgq values in % (V/V)
Ex:)iz:;:re Rats Mice Gujnea Primates/humans

min pigs Incapacitation Death?

5 4,0 2

10 4,8 2

20 52 2

30 543 6,7 4 951012 9,6 7t09,5 9, 6

60 58 2
1Y These values are not LCggs, but are estimates based on available data.
2) Levin: see reference [45].
3) Levin: see reference [46].
4) Alarie: see reference [37].
5) Kimmerle: see reference [33].
6) Purser: see reference [47].
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Table A.5 — Lethal toxic potencies of nitrogen dioxide
LCgq values in ppm (V/V)

Exposure
time Rats Mice Guinea pigs Primates/humans?
min
5 831 2 18802
30 127 3 204 4
200 9
30 to 60 100 to 200 2)

1) These values are not LCgqs, but are estimates based on available data.
2) Kimmerle: see reference [33].

3) Hartzell: see reference [48] — includes 14 d postexposure.

4) Alarie: see reference [44].

5) Levin: see reference [24] — includes 14 d postexposure.

Table A.6 — Lethal toxic potencies of hydrogen fluoride
LCsq values in ppm (V/V)

Exposure time . .
. Rats Guinea pigs Primates

min

15 43270

30 2042M,2
35003

60 22404 17749
23406
13957

NOTE-— All LCgqs based on exposure plus 14 d observation period.

1) Rosenholz: see reference [49].
2) Hilado: see reference [50].

3) Darmer: see reference [61].

4) Valentine: see reference [52] — in dry air.

5) MacEwen: see reference [63].

6) Valentine: see reference [52] — in humid air.
7) Wohislagel: see reference [54].

13
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