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Introduction

P

Extend and Limitations of the “Green Book”

The so-called “Green Book” hereby presented contains a number of models, the extend and limitations
of which are determined by: on one side, the knowledge about the effect-damage relations which is
available and, on the other side, the budget limitations for the development of this book. In a number of
cases, the knowledge available, from a strictly scientific point of view, was not sufficiently adequate to
provide a back-up for the models presented in the book. An example of this is the use of data about
toxicity, in the effect-damage models. On the basis of suggestions provided by the researches
concemning the models to be applied, and pending more information, an agreement has been reached,
within the CPR (Committee for the Prevention of Disasters), regarding the modelling which is presently
applicable. In general, this present book about damage models must be considered as one
corresponding to the time period of the investigations. Even when it was ready to be printed, some new
results of investigations became available which, in tumn, permitied to provide a better understanding of
some of the subjects in question. This, for example, applies to models for “toxic combustion products”
and to models for “damage caused by explosions”.

The “Green Book” has been developed under a limited budget and, due to the needs of clarity and
standardization, the cost of years of research was not justified. The budget limitations, coupled with
time limitations, find, in the opinion of the CPR, their logical repercussions in a number of models
presented. An example of this is the chapter “Population data™.

In summary, it is the view of the CPR that this book must be regarded as a series of rccommendétions
for the use of the damage models, and it must further be noted that for budgetary, practical and
pragmatical reasons, it has sometimes recourse to generalizations over and above the specific
knowledge of possibilities which is available. Nevertheless, the CPR feels that the book properly serves
the purposes of clarity and standardization related to damage models, not withstanding the fact that
valid reasons remain for further expansion and revision of the models in the future,

Voorburg, December 1989

The chairman of the committee for the Prevention of Disasters due to Dangerous Substances

Ir. E. Rombouts



VULNERABILITA'
dei soggetti esposti

Analisi dei rischi di un impianto industriale

- identificazione degli eventi incidentali (HAZARD)
-stima delle loro probabilita

-stima delle loro conseguenze

-stima dei danni alla poplazione e all'ambiente

CONSEGUENZE FISICHE
- -mappe dell'intensita di |rragg|amento termico
.daincendi : g
-mappe delle sovrapressioni da esploswnl e
- -=-mappe di concentrazioni di rilasci tossici. |

| danni all'uomo ed alle proprieta dipendono
dell'entita delle conseguenze fisiche degli
incidenti e dalla capacita di resistenza dei
soggetti colpiti.

| MODELLI PREVISIONALI CHE PERMETTONO
DI STIMARE | DANNI IN FUNZIONE DELLA
AGGRESSIONE FISICA SONO NOTI COME

MODELLI DI VULNERABILITA:

(relazioni dose/danno)

Mappatura . Modelli Mappe di
delle di rischio
conseguenze vulnerabilita . (danni

fisiche | probabili)
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Esphmtaznone della

vulnerabilita
-PROBIT
-DOSI DI SOGLIA

MODELLI DI VULNERABILITA' ALLE
—- RADIAZIONI TERMICHE
—--ESPLOSIONI

—- SOSTANZE TOSSICHE

Pr_ a -+ b Inx
ab costantl :

" fisico

‘Xo= Varlabne che descrlve I entuta deII impatto

Pr = misura della percentuale del danno sulle
risorse (umane e/o materiali) esposte
Pr (probabili

con valor medio 5 e varianza 1

unit) é una distribuzione gaussmna
(ad una percentuale del 50% corrisponde un
valore della probit di 5)

Pr=a+blnx

"lll"""""

50% P%

100



9.6 PROBIT METHODS

In many of the sitvations considered in loss preven-
tion it is necessary to relate the intensity of some
phenomenon such as heat radiation from a fire. over-
pressure from an explosion or toxic gas coacentration
from a toxic gas release to the degree of injury or
damage which can result from it.

The method increasingly used is probit analysis. An
account of this method is given in Probit Analyvsis
by Finmey (1971). Its application to major hazards is
described ®y Eisenberg et al. (1975).

The psabi (probability unit) Y is related to the
probability P by the squation

i r-5 u:
P=WJ_ ﬂ'(—?)du (9.6.1)

The peobit is 2 rgndem variable with a mean 5 and
variance 1. The probability (range 0-1) is generally
replaced in prohis wesk by a percentage (range 0-100).
The relationship hetween percentages and probits
is shown ia Table 9.12 and in Figure 9.12.

80—
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Figare 9.12 Relationship between percentages and probits
(Finaey, 1971)(Courtesy of Cambridge Unicersity Press)

A general form of the probit function is
Y=k, +k,lnV ; 9.62)

where the probit Y is a measure of the percentage of
the vulnerable resowrce which sustains injury or
damage, and the variable V is a measure of the in-
teasity of the causative factor which harms the vul-
Derable resource.

The logarithmic term ia equation #4.2) arises
from the fact that in most populations there are some
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Probit %
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Figure 9.13  Effect of the probit transformation (Finney.
1971 The figure stlustrates a typical experiment an the
toxwity of an insecucide. The logarithm of the lethal dose
fits a2 mormal distribunion. The figure shows the distribution
functioa and the corresponding probit function (Couriesy
of Cambridge Unitersity Pressy

subjects who can tolerate a rather high level of the
harmful causative factor. The distribution obtained is
therefore skew. Itiscommonlyfound.however.thatthe
logarithm of the causative factor fits a normal distribu-
tion. For a causative factor x which has such a distri-
bution

Y=§+(Inx —mo (9.6.3)

where m and ¢ are the mean and standard deviation
of the normal distribution. respectively. Equation
(9.6.3) can be rewritten in the alternative form of
equation (9.6.2).

The effect of the probit transformation is shown in
Figure 9.13. The sigmoidal curve of the distribution
function of the normal distribution is transformed
into a straight line.

The variable V in equation (9.6.2) expresses the
intensity of the causative factor. In some cases it is a
single variable and in others it is a function of one or
more variables. Thus Eiscnberg et al. define V for
eardrum rupture from an explosion

V =p° (9.64)
where p%is the peak overpressure. But for death from
atoxic gasrelease

V= J‘C' dT (9.6.5a)

~YCT, (9.6.5b)

where C is the gas concentration, T the time of
exposure, and n an index.

The constants k, ar4 k, in equation (9:6.2) may be
calculated from the data on the relationship between
the intensity of the causative factor and the degree of




% Fatalities 0 1 2 3 4 5 6 7 8 9
0 - 267 295 312 325 336 345 352 359 366
10 372 377 382 387 392 396 401 405 408 412
20 416 4.19 423 426 429 433 426 439 442 445
("' 30 448 450 453 456 459 461 464 467 469 472
- 40 475 477 480 482 485 487 490 492 495 497
50 500 503 505 508 S.10 513 515 S.18 520 523
60 525 528 S31 533 536 539 541 S44 547 550 -
70 332 355 558 561 564 567 571 S74 571 581
&0 584 588 592 595 599 604 608 6.3 618 623
90 628 634 641 648 655 664 675 688 705 733
[ ]
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
29 733 737 741 746 751 758 758 765 788 809
Table 3.5 : Transformation of Percentage Fatalities to Probits for Toxicity Calculations
- (Finney, 1971)
R ok :

3.4
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144 MAJOR INDUSTRIAL HAZARDS

Table 8.1 !
Lovelace field experiments
¥
; Average
s Average pressure Average time Mortality
Species weight (kg) (psi) (milliscconds)  killed/tested
Sheep 1 52.5 164 3.18 31/65
2 54.0 52 211 14/34
3 52.6 1307 0.30 722
Goats | 22.7 111 3.81 7/15
2 23.2 60.9 17.0 815
3 21.7 55.8 38.7 16/28
4 20.5 51.5 400 13/30
k. 24.7 295 1.2 /12
Rabbits 1 1.9 78.9 1.12 32/49
2 1.9 44 2.79 25/50
3 u..\, 25.7 354 17/32
/
10 000 |~
~
s
£
2
m 0kgman ___ __ __——"
M 53 kg sheep
.w 1000 = 22 kg goat
2.5 kg rabbit
100 | 1 J

1 10 100

-
_—

Duration time In milliseconds

Figure 8.2 Impulse and duration time for 50 per cent lethality

THE DAMAGE RELATIONSHIPS 145

Figurc 8.3 also illustrates a similar relationship for primary deaths
causcd by whole body translation. Glasstone and Dolan describe
experimental work on this mode using animals and dummies and
proposc a scaling law:?

d=d, x W

where d = distance for 50 per cent casualties;
W = mass of explosive in kilotonnes;
d, = distance for a I-kilotonne explosion.

The two curves are almost identical, and can be represented by
the following formula. It can be regarded as the S0 per cent
lethality contour for primary blast deaths, giving the distance in
terms of the primary independent variable, explosive mass.

= N X mOIN X N.._\u

A - R

[T+ Qo™

where T is explosive mass (tonnes) and L is distance (km).

Distance in metres

q 1 1 } J

0 10 100 1000
-
Explosive mass in tonnes

Figure 8.3  Point source explosions primary blast deaths 50 per cent fatality
to 70 kg man
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TABELLA N . CORRELAZIONE SOVRAPRESSIONE ~ DANNI

STRUTTURA E TIPO DI DANNO SOVRAPRESS.
bar

rottura vetri delle finestre (50%) 0,025

rottura vetri delle finestre (75%) - 0,05

danneggiamento telai finestre

danneggiamento della strumentazione di processo, 0,1

di pannelli leggeri o lamierini

danneggiamento torri di raffreddamento, serbatoi di 0,14+0,17

tipo atmosferico a tetto fisso, canale e condotte di

ventilazione

deformazione tubazioni e serbatoi atmosferici; rottura} 0,2+0,24

strumentazione di processo, pannelli/elementi in cal-

cestruzzo leggero; danni ad edifici in muratura

deformazione macchine, filtri, ecc.; 0,25+0,28

spostamento tubazioni dai supporti;

rottura serbatoi atmosferici

deformazione mantello di apparecchi di processo 0,35+0,38

NON a pressione (colonne di frazionamento-ecc.);

deformazione muri in calcestruzzo ( 20 cm );

rottura muratura in laterizio

valore di soglia per danni gravi ai timpani 0,4

deformazione serbatoi a pressione orizzontali; 0,42+0,45

rottura tubazioni

danni grévi ad apparecchi di processo ( rottura 0,47+0,49

del mantello, spostamento da supporti di apparecchi

leggeri -~ ecc.)

danneggiamento serbatoi sferici a pressione ; 0,53+0,56

rottura 4i muratura in calcestruzzo non rinforzato

deformazione strutture portanti in acciaio ; 0,7

spostamento dai basamenti di apparecchi (pompe,
scambiatori, ecc.)

126




\/HALMEQABILP‘F—AL

e

e .

F?E Q@AG&&AM\E@

t
X—::‘/;eaéddt
.. b

DLLPLO

- USTIOX( &' vacto gredo
—P>PER LE uUsT\ON/ WQTALA"‘-\—-

[FirERALL]| (ue evagusplone)

b = 14..6'-&'2.'\5";5].":16 (—;}l—;“:!:f_‘/a/lq_"‘) |

T = tntensits e-?«?\’cec"e CI/mErs]
t 2 durats CAT]

|PooL-Fire < Tet-Fes | Cpoxtbile eva_cueﬁone)
ip ¢ “totenstls dells (‘eéﬁ&?{one cont. wel &QM\QA
- enerqls tecwles rleevula guhf\’\\e della di’stanye .
A

XE\/KEO((Y)O‘E ove ’T:-' (%"Yo)/’/

O eV = Vngdié eb;f;u o
con " :
con Yo = o\fo'{‘an?a ?m‘rl‘qla o\d waﬁbo:.‘vl,c

Yt 2 0\\"3{'9-"\?*? Q@ \ fmcmo\,( QR
A0 Q?ov"ta\of\e Q’V\éq-@i‘ atte mambe



W@QAG@\AMEM@

— Peg uSmonit B TR ataitn s

Uou  oars ko uo QUCOM \:(\ob?‘t‘.

estolows d:oasgﬁ.fod.x DOé;U’e;
R=tX"' 2550000 ImYs
dooe U’ {vrac%ngmemt—a che

Codare M{\ﬁouf =N '___\709\059&3
Ma ?—QQ»O\-BTL@E*Q Co\Pf‘l‘&‘

—>DANNI AUE PEOCIBTA (06GETTY) =—

Mopeul (KLaeoeutiu) OX/oFEr

RISPETIO A VA Lou LHITE
s i "X

\L. 2

TRRAGGIAMEXTO LMITR
< DURATA LIKITE PBER
M St HA DISTRUSIONE
Fr el 2 valom PRESENTI
SEB TearPl, « T o

— PER L LE G NO~=—

e
8L
o

T

=L DAN»NDO
> 2.54 ¢ (0 T/mss

1)

(6.1« toq/(35~u)]5/q} MST SRES
.34 (o] J/nts

- {?\22?( (05/ (I:E"]:L)j 3/2} FLASH "?lQ/ES’



(= e dcakMe Lol

Wre—

TIPo DI_OA MO T RRAGEWA Mrao (kw/wt]

— STRUTTLRE I/ CALLESTRV 220

&0 Kw//mz

- A &0 e cAls, PRECOMPRESS o

40 &
—~ LT QNILDNMNE IPOARANGE OBL LEGNOD 39 ¢
—DALLVO Al STERBA) \e. & &
- DELDL Al CAUL ABRET T v

PE Razos

— PERscnma LE PeoTsro

-~ PEROA LE xox PRosesTTO



Irraggiamento

1 valori degli Indici di Esposizione che si propongono distintamente valutati per le persone
(EiP) e per le strutture (EiS), riferiti al flusso termico per una durata di esposizione pari a circa 30
secondi, sono quelli riportati nella tabella 12.

TaBELLA 12

INDICI DI ESPOSIZIONE PER .L’IRRAGGIAMENTO

Flusso Lermico

(kW/mq) Persone Strutiure

E3P 1.5 nessun effetto significativo

E2P 3.0 primi effetti di ustioni significative

E1P 5.0 primi effetti di mortalita

E3S 100 fusione di materie plastiche, cavi

E25 25.0 ignizione del legno

E1S 35.0 danni alle strutture metalliche
Esploslone

I valori dell’Indice di Esposizione riferiti all’ onda d’urto c0mprendem:e i valori dell’ 1mpulso,

riferiti ad un tempo d1 100 ms, sono riportati nella tabella 13. s

TaBeLLa 13

INDICI DI ESPOSIZIONE PER L’ESPLOSIONE

Sovrapressione -
T = Persone -“Strutture
(Pascal) (mbar)
E3P 1000 | 10 | nessun effetto
E2P 5000 50 | rottura dei timpani
E1P 14000 | 140. | lesioni ai polmoni (mortalita)
E3S 1500 15 rottura vetri al 50%
E2S 6000 60 deformazione tubazioni e cedimento
muri
E1S 30000 300 deformazione serbatoi, danni gravi a
tubazioni
ISPESI. - 1° Suppl. al n. 111993 23
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TABELLA 12

Indicazioni dei valori di riferimento per 1'irraggiamento

P et ]

per -esposizioni prolungate

Flusso termico | Persone { Strutture
( k¥W/mq ) |
. et i
{
{ o
§
i

25

37.5

1

I

|Soglia massima ammissibile
l.

| ( messuno scompenso anche
{ -dopo lunga esposizione )
|

{Primi effetti di ustioni
|significative

|Soglia massima ammissibile
|di ustioni per esposizioni
|di circa 20" -

|
|Primi effetti 4i mortalita

|
|Ustioni di 1°* grado in 10%,
1% di mortalita in 30"

|ustioni di 2° grado in
|pochissimi secondi

11% Qi letalita in 10"
|100% di letalita in 60"

|Fusione di materiali
|plastici, cavi, ver-
Iniciature; Ignizione
|di carta-cartone:
|Ignizione pilotata
|del legno

|

{Ignizione del 1legno
{dopo esposizione pro
| lungata

|Danneggiamento di ma -
|teriali metallici e
|di apparecchiature
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statistical distributions relating the probability of injury to the dose (total intake).
Typically this is a log-normal distribution but for these purposes can take the form
of a probit equation which relates the effect of an exposure to a given
concentration and duration.

The general form of a probit equation is:

where:

P, is a measure of the percentage of people affected;
a, b, and n are constants;

C = concentration (ppm);

t = exposure time (min).

The quantity (C" t) is known as the toxic load.
Table 3.4 [d] gives the constants for the lethal toxicity probit equation for a
number of the more common chemicals.

Hence, for:
o Chlorine:  P; = -829 + 0.92 log, (C2t)
o Ammonia: P; = -359 + 1.85 log, (C*t)

A probit (P) is a probability unit lying between 0 an 10, which is directly
related to the % fatalities as shown in Tab. 3.5. To evaluate the probit, the toxic
load (C" t) must be calculated at positions of interest. At a given location the
concentration will vary over time as the cloud passes and dilutes. The total toxic
Joad for the location is obtained by considering different time steps and the
average concentration during those time steps. Then for m time steps the total
toxic load is given by:

This total toxic load is then used in the probit equation.
The important factor is the determination of the effects of toxic material

is to clearly study the known data about the material in question. These include
the MHAP monographs for Chlorine, Ammonia and Phosgene, publications by
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TABELLA 17

Valori dei parametri per 1l'equazione di Probit ( E3P )

Acido solfidrico

dcrilenditrile
Acroleina
Ammoniaca
Biossido di azoto
Biossido di zolfo
Bromo

Cloro

Formaldeide

Isocianato di metile

———

|

] A B n

i

2

i ~-31.42 3.008 1.43
|

| =29.42 3.008 1.43
|

{ -9.931 2.049 1

|

| ~35.9 1.85 2

|

i ~13.79 1.4 2

|

| -15.67 2.1 1

{

] -9.04 0.92 2

{

| -8.29 0.92 2

|

{ -12.24 1.3 2

{

{ ~5.642 1.637 0.653
{

{
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Valori di riferimento per la valutazione degli effetti

Fenomeno fisico Zone ed effetti caratteristici ; {1 Note
1 : 2 .

Elevata probabilita di letalita  Danni gravi a popolazione sana

Esplosioni

(sovrappressione 0,6 bar 0,07 bar 1

di picco) (0,3 bar)’

BLEVE/Sfera di | e

fuoco raggio fireball 200 KJ/m? 2

(radiazione :

termica variabile)

Incendi 12

(radiazione 12,5 kW/m2 ' 5‘_kW/m2- : v B

termica : ‘ o8

stazionaria) ol

Nubi vapori LEL 0,5 x LFL | 4

inflammabili R SRy 4

Nubi vapori LC50 IDLH i - 3

tossici o

Legenda

LFL Limite inferiore di infiammabilita

LC50 Concentrazione di sostanza tossica, letale per inalazione nel 50% dei soggetti

esposti per 30 minuti.
IDLH Concentrazione di sostanza tossica fino alla quale l'individuo sano, in seguito ad

esposizione di 30 minuti, non subisce per inalazione danni irreversibili alla salute e

sintomi tali da impedire l'esecuzione delle appropriate azioni protettive.

Per gli effetti indiretti rilevanti; applicabile in presenza di edifici o manufatti collassabili.
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