
  

ABSTRACT 

 

 

In August 2005, Hurricane Katrina caused massive flooding in the city of New 

Orleans. Eighty-percent of the city was left submerged causing 1833 fatalities and 

immense economic loss. In the wake of this catastrophic event, the need for 

concise, consistent, and robust societal risk criteria for dam and levee risk 

management was felt necessary to guide the assessment of risks obtained from 

risk analysis. In the United States, the U.S. Army Corps of Engineers (USACE) 

and U.S. Bureau of Reclamation (USBR) have developed a dam safety risk 

management framework for their portfolios of dams. In this dissertation, new 

opportunities are suggested to improve the performance of these guidelines, and a 
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method is proposed to extend the guidelines to risk management of levee systems. 

This dissertation compiles the long history of societal risk criteria and their 

evolution. It attempts to unravel twisted and obscure themes, clarify implied 

assumptions, investigate the impacts of these assumptions on resulting guidance, 

and illuminate paths that lead to current practice. This dissertation addresses 

technical issues such as risk aversion, scale effect, and marginal vs. cumulative 

criteria. The data on historical levels of natural and man-made catastrophic risk 

have been gathered and analyzed, and corresponding F:N curves have been 

presented as an update to what was originally introduced in Reactor Safety Study 

(WASH-1400,1975). It is demonstrated that for dam safety, as well as certain 

other catastrophic hazards, an F:N slope of -½ rather than -1 is more historically 

supported. The relationship between F:N criterion, f:N limit line, and utility 

theory to risk aversion has been explicated and mathematically investigated. 

Finally, the dissertation investigates the relationship between acceptable risk and 

benefits and makes recommendations on how F:N and f:N criteria should be 

applied to risk management of dams and levee systems in the future. 
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Chapter 1: Societal Risk (1957-1976) 

Risk is a widely acknowledged concept, but one whose exact meaning is 

evolving. Although life in modern society is becoming, statistically, less risky when 

measured in term of life expectancy (British Medical Association, 1987), increased 

awareness of hazards, partly as a result of continuing scientific investigation which brings 

such hazards to the publics notice, has led to the public belief that life is getting riskier. 

Life expectancy is the expected number of years of life remaining at a given age. This has 

led to the public belief that life is getting riskier. This shows that beside statistics, other 

factors influence the public’s perception of risk including: the potential for catastrophe, 

lack of familiarity with risk, the involuntary nature of the risk, scientific uncertainty, lack 

of personal control, risk to future generations, doubtful benefits, inequitable distribution 

of risks and benefits, and potentially irreversible effects (Allen, Garick, Hayns, & Taig, 

1992). Institution of Chemical Engineers (Jones, 1992) defines hazard and risk as 

follows: 

Hazard: physical situation with a potential for human injury, damage to property, 

damage to the environment or some combination of these; and  

Risk: the likelihood of specified undesired events occurring within a specified 

period or in specifies circumstances arising from the realization of a specified 

hazard. It may be expressed as either a frequency (the expected number of 

specified events occurring in unit time) or a probability (the probability of a 

specified event following a prior event) depending on the circumstances. (p.5) 
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From the methodological point of view, risk assessment has two main approaches: 

consequence based risk assessment and risk based approach.  The consequence-based 

approach (also called deterministic approach) focuses on the assessment of consequences 

of a number of event scenarios and does not attempt to quantify the likelihood of these 

accidents.   Since assessment of the frequencies of various accidents is a difficult and 

time-consuming task, the concept behind the use of consequence-based approach is to 

avoid the quantification of such frequencies.  

The risk-based approach (also called probabilistic approach), is used not only to 

evaluate the severity of the potential accidents, but also to estimate the likelihood of their 

occurrence.  This approach defines the risk as a combination of the consequences and the 

likelihood of such accidents.  Other names have been used for this approach, such as 

Probabilistic Risk Assessment (PRA), Probabilistic Safety Analysis (PSA), and 

Quantified Risk Assessment (QRA) (Christou, Smeder, and Amendola, 1999) 

Probability Concepts (Cox & Baybutt, 1982) 

Discrete Model 

Suppose that possible accidents 𝐴!,𝐴!,… ,𝐴!  can give rise to consequences 

𝑥!, 𝑥!,… , 𝑥! with respective probabilities 𝑝!,𝑝!,… ,𝑝!. Accident 𝐴! represent the 

category ‘no accidents in a year’ and may have a probability close to 1, for example, 

where the system is a nuclear reactor. We will have: 

 𝑝! ≥ 0  𝑓𝑜𝑟  𝑖 = 1, 2,… ,𝑛  𝑎𝑛𝑑   𝑝! = 1
!

!!!

	   (1) 
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 The sequence 𝑝!,𝑝!,… ,𝑝! is called the probability mass function of 

consequences. It is usually represented graphically by a bar chart as seen in Figure 1. 

 
 

Figure 1: Probability mass function of accident consequences (Cox & Baybutt, 1982) 

The cumulative distribution function (𝐶𝐷𝐹) of consequences is defined by: 

 𝐹 𝑥 = 𝑃 𝑐𝑜𝑛𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒𝑠  𝑙𝑒𝑠𝑠  𝑡ℎ𝑎𝑛  𝑜𝑟  𝑒𝑞𝑢𝑎𝑙  𝑡𝑜  𝑥 = 𝑝!!!!!            	   (2) 

 
The CDF in the discrete case is a step function as shown in Figure 2. 

 
 

 

Figure 2: The cumulative density function of accident consequences (Cox & Baybutt, 1982) 
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The complementary cumulative distribution (CCDF) of consequences is given by 

 𝐹 𝑥 = 𝑃 𝑐𝑜𝑛𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒𝑠  𝑒𝑥𝑐𝑒𝑒𝑑𝑖𝑛𝑔  𝑥 = 1− 𝐹(𝑥)                         (3) 

The CCDF in the discrete case is a step function as shown in Figure 3. 

 

Figure 3: The cumulative density function of accident consequences (Cox & Baybutt, 1982) 

The risk associated with accident 𝐴! is defined as 𝑝!𝑥!. The overall system risk is 

defined as: 

 𝑅 = 𝑝!𝑥!

!

!!!

   (4) 

Continuous Model 

It is assumed that there is a continuous spectrum of consequences, 0 ≤ 𝑥 ≤ ∞. 

The continuous analog of the discrete probability mass function called probability 

distribution function, 𝑓(𝑥).  The probability of consequences between 𝑥 and 𝑥 + 𝑑𝑥 is 

𝑓 𝑥 .𝑑𝑥 and the probability of consequences between 𝑥!and 𝑥!is : 
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𝑃 𝑥! < 𝑥 < 𝑥! = 𝑓 𝑥 𝑑𝑥
!!

!!
  

  
(5) 

The CDF and CCDF for the continuous case are given by: 

𝐹 𝑥 = 𝑓 𝑥 𝑑𝑥
!

!
   (6) 

𝐹 𝑥 = 1− 𝐹(𝑥) = 𝑓 𝑥   𝑑𝑥
!

!
   (7) 

The probability density functions can be derived from the cumulative density 

functions or the complementary cumulative density functions as follows: 

𝑓 𝑥 =
𝑑
𝑑𝑥 𝐹 𝑥 = −

𝑑
𝑑𝑥 𝐹(𝑥)  

  
(8) 

Figure 4, Figure 5, and Figure 6 show the PDF, CDF, and CCDF respectively. 

 

Figure 4: The probability density function (Cox & Baybutt, 1982) 
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Figure 5: The cumulative density function for continuous case (Cox & Baybutt, 1982) 

 

 

Figure 6: The complementary cumulative density function for continuous case (Cox & 

Baybutt, 1982) 

The point-wise risk of the system is defined to be the function 𝑥𝑓(𝑥) and the total 

risk is given by: 

𝑅 = 𝑥  𝑓 𝑥   𝑑𝑥
!

!
   (9) 
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It can be shown that the area under the CCDF curve is the expected consequence 

per year: 

1− 𝐹(𝑥)   𝑑𝑥
!

!
= 𝑓 𝑦   𝑑𝑦  𝑑𝑥

!

!
= 𝑓 𝑦   𝑑𝑥  𝑑𝑦

!

!

!

!

!

!
   (10) 

𝑓 𝑦   𝑑𝑥  𝑑𝑦
!

!

!

!
= 𝑦  𝑓 𝑦   𝑑𝑦

!

!
= 𝐸[𝑦]   (11) 

Risk Criteria 

There are two major criteria used in risk-based approach: Individual risk criteria 

and societal risk criteria.  HSE (1988), regarding individual risk, states that when 

considering the chance of large sale industrial accident, the important question for an 

individual is “what is the risk to my family”?  This question is answered based on the 

calculation of risk to any individual who lives within a particular distance from the source 

of hazard or follows a specific pattern of life, which puts him in danger.  The Institution 

of Chemical Engineers (Jones, 1992) describes the individual risk as the frequency at 

which an individual may be expected to sustain a given level of harm from realization of 

specified hazards.  

The other type of risk is called societal risk. The risk of multiple fatalities in a 

single event is more elusive than individual risk.  The term societal risk is used to mean 

multiple fatalities, but in a broader sense refers to hazards that, if realized, could impact 

society beyond the individual and thus socio-political responses.  The Royal Society 

(1983) noted that people perceive high consequence hazards as different from hazards 



 

 8 

that do not potentially injure many individuals at once.  People commonly take large 

numbers of individual accidental death far less seriously than they do a single event 

killing a similarly large number of people.  Therefore, in the assessment of major 

hazards, it is essential to consider the potential sizes and likelihoods of disastrous events. 

It is necessary that a risk criterion be defined for the disaster aspect of major hazards as 

well as the individual risk to the people actually in danger.  It is difficult to define the size 

of a disaster risk in terms of numbers.  For individual risk, the size is defined as the 

probability per year that a typical individual gets injured.  With societal risk, it is not only 

the frequency of the disaster that is important but also the potential size of the disaster 

Health and Safety Executive (HSE, 1989a). See Figure 7 for  the difference between 

individual risk and societal risk. 

 

Figure 7: Difference between individual risk (top) and social risk (bottom) (Proske, 2008) 
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Societal Risk 

Health and Safety Executive (1989a) uses the term ‘societal risk’ to refer to the 

total harm suffered by a whole population and to the future of whole communities.  The 

simple way of assessing the societal risk is therefore by estimating the probability that a 

given number of people will lose their lives.  The Institution of Chemical Engineers 

(Jones, 1992) described the societal risk as “the relationship between frequency and the 

number of people suffering from a specified level of harm in a given population from the 

realization of specified hazards” (p. 6 ).  

Ballard (1993) explains the importance of societal risk measures along with 

individual risk.  He denotes that the average number of fatalities per year may be high 

even though the risk for any specific individual may be acceptably low.  Such situations 

may arise because the exposed population is very large.  For example, if a large shopping 

mall is located near a nuclear plant and each individual only spends a very short time 

there.  There is a low individual risk within the shopping mall but a large number of 

people in the mall if an accident occurs.  The precise relationship between societal risk 

and the risk to an individual depends on the nature of the hazard (fire, release of toxic 

material, etc.); local conditions (topography, meteorology, etc.); and the density of the 

population at risk.  

Thus, the societal risk is particularly associated with the study of large accidents 

with many casualties, and risk aversion is frequently incorporated.  The reason that such 

accidents have a larger impact on society according to Griffiths (1981) is: 
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 If multiple deaths happen at one time, the social impact on families involve many 1.

people which make the scale of loss appear more significant; 

 If the death toll is from the same community then the impact appear larger than 2.

the case in which separate communities are involved; 

 If the deaths occur in one place, the scale of loss seem more apparent than 3.

otherwise; 

 If all deaths are attributed to one event, the immediate perception is that one event 4.

or one fault caused such large consequences; 

 There would be the perception that institutional control of hazards has failed; 5.

 There is more media coverage of such events; and 6.

 There is a greater uncertainty in the frequency of such accidents.  7.

The four useful representations of societal risks are as follows (Allen, Garlick. 

Hayns, & Taig, 1992) 

 Accident Sequence Scatter plots: 1.

 This representation method consists of a set of points  (𝑓! , 𝑥!)  in the 

frequency-consequence plane, each one corresponding to a single accident 

sequence. 
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Figure 8: Example of Scatterplot (Farmer, 1967) 

 Histograms: 2.

The abscissa, which is the consequence axis, is divided into intervals and the 

frequency of consequences within each interval is plotted (Figure 9 and Figure 10) 

Throughout this article, histograms are shown as f:N curves or p:N curves, depending on 

the historical reference.  

 Frequency Density: 3.

If the consequence, 𝑥, is a continuous random variable, reducing the size of the 

intervals results in a continuous curve the interpretation that 𝑓 𝑥   𝑑𝑥 is the frequency of 

events with consequences in the range 𝑥 to 𝑥 + 𝑑𝑥. The corresponding representation for 
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a discrete consequence is simply the frequency at each consequence level (see Figure 11). 

Such curves are not used so often for the representation of societal risks. 

 

Figure 9 : Example of histogram: Earthquakes in Iran (Seaman et al,  1984) 

 

Figure 10: Example of histogram: Pressurized water reactor radioactive release frequencies 

(WASH-1400, 1975) 
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Figure 11: Example of frequency density: Fission product release for a 100 MWe pressurized 

water reactor (Otway, 1969) 

 Complementary Cumulative Distribution Functions (CCDF) and F:N curves: 4.

𝐹(𝑥) is plotted against 𝑥  where 𝐹(𝑥)  is the probability of events with 

consequences greater than or equal to x . Complementary Cumulative Distribution 

Functions (𝐶𝐶𝐷𝐹) has become the most usual way of representing societal risk since this 

representation has a number of advantages:(a) They are invariant to transformations. So 

that logarithmic plots do not cause problems, (b) The expected consequence per unit time 
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is simply the area under 𝐹(𝑥) on the plot, and (c) This plots can easily be used for 

situations where the consequences are discrete random variables 

 

Figure 12: Example of Complementary Cumulative Density Function: Early fatalities in 

Reactor Safety Study WASH-1400, 1975) 

F:N curves are the same as CCDF curves when 𝐹(𝑥) is plotted against 𝑥  where 

𝐹(𝑥)  is the probability of events with consequences greater than or equal to x. However, 

instead of 𝐹(𝑥), F:N might plot the the frequency of events with consequences equal or 

greater than 𝑥 against 𝑥. The next section explains F:N curves in more detail. 

F:N Curves 

 F:N curves are presented on log-log grid with the abscissa (𝑥 − 𝑎𝑥𝑖𝑠) 

representing the scale of the consequences in terms of the number of fatalities, N, and the 

ordinate (𝑦 − 𝑎𝑥𝑖𝑠)  representing the exceedance frequency, 𝐹!, which is the frequency of 
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events with N fatalities or more. These curves display the exceedance frequency as a 

function of the number of fatalities equal to or greater than N: 

𝐹! = 𝑓!  𝑑𝑁
!

!
 

  
(12) 

where 𝑓! is the frequency of events with N fatalities per year.  

It should be noted that in this dissertation 𝑓! and 𝐹! are the frequency of events 

with consequence 𝑥 fatality and frequency of events with consequence equal or greater 

than 𝑥 . On the other hand, 𝑓(𝑥) is the probability distribution function (PDF) of events 

with consequence 𝑥, 𝐹 𝑥  is the cumulative probability distribution function (CDF) of 

events with consequence 𝑥, and 𝐹 𝑥 = 1− 𝐹(𝑥) is the complementary cumulative 

distribution function  (CCDF). For very low frequencies, frequency is approximately 

equal to probability, 𝑓! = 𝑓(𝑥), and the exceedance frequency is approximately equal to 

the complementary cumulative distribution function,  𝐹! = 𝐹 𝑥 . For high frequencies, 

these equations will not hold. However, some literature has used frequency and 

probability interchangeably. In this dissertation, for F:N curves, the focus is on the 

frequencies rather than probabilities. It is recommended that when using historical data 

and for multiple hazardous installations, the F:N curve is built using the exceedance 

frequency 𝐹!, such as the F:N curves for dam failures in national level for US reported in 

WASH-1400,1975. On the other hand, to show the result of probability risk analysis 

(PRA) of a single hazardous installations which is commonly performed through event 

tree and fault tree analysis, it is recommended that the 𝑦 − 𝑎𝑥𝑖𝑠) of the F:N curves 

represent the complementary cumulative distribution function (CCDF) of the system 
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(e.g., the F:N curve for 100 reactors reported in (WASH-1400,1975). In this dissertation, 

for F:N curves, the focus is on the frequencies rather than probabilities since the F:N 

curves of chapter 4 and 7 are built using the historical data. 

To construct the 𝐹:𝑁  curve, the raw historical data is obtained which consists of a 

list of events with dates and numbers of fatalities.  To express such data in cumulative 

form, one choose a data period of so many years and calculate the frequency of events 

having N or more fatalities by adding up the number of events with N or more fatalities 

and dividing this number by the data period.  One problem that arises is that N is often 

not known accurately as different sources give different numbers for the same accident. 

Fryer and Griffiths (1979) suggested to specify prescribed sorting intervals and to use 

these for all the categories of data.  

One of the advantages of cumulative curves over frequency-consequence curves 

is that in analyzing historical data one usually encounters gaps in the values of N that are 

ranges of value N for which no accidents has occurred.  These ranges have the value of 

zero on a frequency-consequence curve, which results in a non-continuous curve with 

occasional zeros.  If cumulative representation is used, a continuous line will result which 

is continuous and has the slope of zero for ranges that there is no event recorded 

(Griffiths, 1981). 

Figure 13 shows a hypothetical F:N curve for a particular chlorine installation.  

Most F:N curves share the same shape with the one shown in Figure 13.  At large N, the 

curve is very steep which means that the frequency becomes very low and then vanishes. 

Such property shows that there is an upper limit to the number of people who may be 
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affected.  At low N, the curve is flat idicating that an event which affects one person is 

likely to affect several (Health and Safety Executive, 1989b). 

It is possible to compare the assessed F:N curve with some F:N criterion curve, 

for example, curve AB in Figure 13. This comparison would be reasonable if the assessed 

curve and the criterion share the same shape or the assessed curve is totally located 

bellow or above the F:N criterion curve.  The problematic issue arises when the assessed 

curve crosses the criterion curve as shown in Figure 13.  In this example, the assessed 

curve has a higher F for low N and lower F for large N compared to the F:N criterion 

curve, AB.  It is not obvious whether the assessed curve is better or worse than the 

criterion curve (HSE, 1989b). 

 

Figure 13: F:N curve (HSE, 1989b) 
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Using F:N criterion curve has several limitations some of which will be addressed  

in detail and resolved in this dissertation: 

• The problem of comparing a curve which ‘crosses’ the criterion line as stated before; 

is a plant curve which is sometimes above and sometimes below a criterion curve 

acceptable or not? 

• There are technical difficulties in calculating the risks of death from a hazard to 

which different individuals might have different vulnerabilities 

• The F:N curve is usually expressed in terms of fatalities but the public might want to 

include other consequences.  

• Society is concerned about risks of serious injuries as well as death; 

• The question of what levels of risk are negligible, acceptable, or intolerable has no 

one solution and, consequently, no consensus. Different countries, following different 

guidelines have different criteria.  

• F:N curves cannot easily be compared with one another for the purpose of ranking 

and judging which curve represents the higher overall societal risk  

• Historically, an F:N criterion line with slope -1 in log-log space is considered risk 

neutral.  This presumption is incorrect. 

• The properties of f:N criteria and F:N limit lines and their relationship have been a 

source of misunderstanding in the literature. 



 

 19 

• The definition of ‘risk aversion’ from utility theory differs from the definition 

introduced by Framer (1967) for societal risk criteria. 

• For societal risk criteria, should there be a national F:N criterion curve for each major 

hazard, irrespective of the number of such hazards? Alternatively, it is acceptable to 

have a criterion for each hazardous installation and not a sum-of-all- criterion for all 

the hazards in the country? 

• At present, the same F:N criterion is imposed on different installations (such as dams) 

regardless of the benefits society receives from those installations 

The advantages of F:N curve and criterion are as follows: 

• It shows the historical records of accidents 

• It is an effectives way to present the assessed safety curve resulted from quantitative 

risk analysis 

• It displays the criteria for judging the negligibility, acceptability, and intolerability of 

assessed safety measures; 

• Mathematically, such representation has a number of advantages over frequency-

density (𝑓!:𝑁) plots, including: (𝑎) it is invariant to transformations so that 

logarithmic plots do not cause problems unlike density plots, (𝑏)  the expected 

number of fatalities per unit time is simply the surface below the curve which is 

obtained by integrating, and (𝑐)  such plots easily accommodate continuous or 

discrete consequence measures (Ballard, 1993) 
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When specifying the criterion line, the slope of the line and its intercept on the 

vertical axis should be decided upon (Evans & Verlander, 1997).  The slope of the line is 

related to the aversion of the decision makers to large accidents with large number of 

fatalities: the steeper the line, the greater is the aversion toward risk.  As described by 

Evans and Verlander (1997), there is a sense in which the slope of -1 is considered risk-

neutral in which the weighting in preference of preventing large accidents is proportional 

to number of fatalities, N, and not other power of N a in risk averse formulations (Ball & 

Floyd, 1998).  As a result most F:N criteria are drawn with slopes of between −1 and 

−2, which shows the degrees of risk aversion. In the UK the criteria have the gradient of 

−1 whereas Dutch criteria are set at  −2, which shows a high degree of risk aversion.  

However, in Chapter 5 of this dissertation, it is proven that a criterion line on with a slope 

of −1 on an F:N plot  with 𝑙𝑜𝑔 − 𝑙𝑜𝑔 scale impose risk aversion. 

The anchor point or intercept is usually determined based on professional 

judgment or with reference to standards set by historical decisions about major hazards. 

For example, Advisory Committee for Major Hazards (ACMH) had suggested a proposed 

criterion of 1 chance in 10,000 per year for 10 or more fatalities (ACMH, 1976). Health 

and Safety Executive (HSE) use their studies of the Canvey Island industrial complex to 

propose an anchor point of 500 casualties and 2×10!! frequency. The anchor point and 

the criterion lines of Advisory Committee on Dangerous Substances (ACDS,1991) are 

shown in Figure 14. 
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Figure 14: Anchor point (intercept) and the criterion lines (slope: -1); (ACDS, 1991) 
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Societal Risk Before Farmer (1957- 1967): 

The first attempt to evaluate the consequences of a major accident was 

summarized in U.S. Atomic Energy Commission (USAEC, 1957).  A tentative 

probabilistic estimate was given in Part I of the report.  This report was one of the first to 

examine the probability of such an accident occurring and estimated the probability of an 

accident having a major effect on the public as being between 10-5 and 10-9 per reactor 

year. The report notes that assuming that 100 reactors are in operation in the United 

States assuming that each accident of the type defined would kill 3000 people, there 

would be one chance in 50 million per year that a person would be killed by reactor 

accidents. However, the chance of a person in the United States being killed by 

automobile accidents, is about one in 5000.  

 Later, USAEC (1957) inspired Farmer and Beattie for the way in which hazards 

were analyzed in a logical and orderly manner (Farmer & Beattie, 1976). 

The notion of applying statistical analysis to reactor safety standards, as claimed 

by Farmer and Beattie, was first introduced by Siddall (1959) who writes:  

 The study of nuclear-reactor safety is in an unsatisfactory state. Some 

aspects of the problem have received quite disproportionate study and 

expenditure… The tendency seems to be to demand more assurances and more 

safety measures as time goes by, despite the extremely favorable record of the 

industry. I would like to propose a system whereby risks can be evaluated and 

efforts to meet them can be properly adjusted in magnitude (p. 64). 
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Siddall (1959) continues, “ the mechanism of nuclear accidents has received a 

great deal of study. Unfortunately, the usefulness of this has been largely vitiated by 

disproportionate attention to the “worst possible accident”.  It is the average accident and 

its probability that have real meaning. …The worst possible accident occurs when a 

number of separate factors, each improbable and to some degree random, simultaneously 

become as adverse as possible.  This is a far less probable condition than that a smaller 

number of factors are adverse or that here is less adversity or both.  This state of affairs 

makes accidents easier to deal with than they otherwise might be.  The more numerous 

accidents of lower degree provide a warning and produce the right attitude of caution 

toward larger ones” (p. 67). Should the Christmas 

Siddall (1959) assumes a target death rate of 0.17 and a target accident cost of 

$168,000 as design criteria for nuclear power nuclear power reactors.  In doing so, he 

puts a dollar value on human lives through oversimplified assumptions.  He then argues 

that the design of different systems preventing a full-scale nuclear runway should be such 

that the design death rate and economic costs per year resulted by adding the 

multiplication of frequency of failure and the resulting deaths or economic costs of each 

system together be less than the target death rate and accident cost. 

Siddall’s ideas, not being pursued at the time, influenced Laurence (1965) in 

introducing probabilistic criteria for the control and limitation of equipment failure in 

Canadian reactors of the CANada Deuterium Uranium (CANDU) type being developed 

at the time. 



 

 24 

Laurence (1965) considers the hazards to the individual and public from 

radioactive contamination resulted both from the normal operation of the reactor and 

from accidental release of fission products resulting from equipment failure and operating 

errors. He reasons that if the density of the surrounding population is high, consideration 

should be made not only for  the greatest dose received by any person, but also the 

number of persons in the whole population that receive significant exposure. Laurence 

believed that a design limit should be set not only to the individual dose but also to the 

population dose.  Multiplying individual dose by the population density and integrating 

over exposed area results in the population dose outside the exclusion area.  In his 

discussion, he subdivides a nuclear plant into three parts: essential process equipment, 

protective devices, and containment provisions. Then he considers accidents in which a 

process equipment failure coincides with failure of either the protective devices or the 

containment provisions. He assumes that the unreliability of neither the protective 

devices nor containment provisions do not exceed 0.003. It is assumed that the frequency 

of dangerous faults in essential process equipment is less than 0.3 per year. A 1500-

megawatt thermal reactor is considered which is surrounded by an exclusion area of a 1-

kilometer radius, and located 20 kilometers from the center of a city of one million 

people covering an area of 400 square kilometers with an average density of population 

of 2500 persons per square kilometer. The population density outside this city area is 

assumed negligibly small. Table 1 lists the release of Iodine-131 alone and mixed with 

other iodine isotopes from the nuclear plant, which is permitted by the various design 

dose limits.    
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Table 1: Radioactive release permitted by design dose limits  (Laurence, 1965) 

 

Farmer Curve (Farmer, 1967) 

Farmer (1967) wrote in two similar papers, the issues which analysts and 

regulators have been struggling with ever since (Ballard, 1993). 

Farmer studied mathematics and physics at St. John’s College, Cambridge, from 

1933 to 1936. After extensive experience in the chemical engineering industry, he joined 

the U.K. Atomic Energy Authority in 1947 and worked work in the Chemical Plant 

Design office at Risley. Farmer worked on the Windscale reprocessing plant for the 

extraction of the fissile material plutonium from the uranium fuel that was to be used in 

the air-cooled Windscale reactors.  He started to play a very significant role in the area of 

‘Criticality’ in safety studies of processing plants, nuclear power plants, and nuclear 

submarines.  His work on the consequences of reactors began with his study of the 

consequence to civilians of a nuclear accident to a nuclear submarine in a port.  This 

collaboration with the Royal Navy lasted over 35 years, from the arrival in British waters 
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of the USS Skipjack in 1959 to his retirement from naval advisory work in 1994.  The 

problem of a nuclear accident to a berthed submarine gave rise to the Farmer Curve.  The 

first Farmer Curve was a graphical representation of the likelihood (frequency) of a rare 

accident and the consequences of the accident.  It related to the frequency of release of 

activated Iodine to the scale of the release. 

He was a visiting Professor at Imperial College for Industrial Hazards and visiting 

Professor at Bradford University for Reliability Studies.  The risk analysis begun by 

Farmer was developed at Safety and Reliability Directorate of the U.K. Atomic Energy 

Authority (UKAEA) in the sixties and seventies.  Farmer work influenced the American 

Rasmussen report of 1974 on the safety of water-cooled reactors.  He was the recipient in 

1974 of the Churchill Gold Medal and served on safety committees for several years.  For 

his early work on this area, he was made an Officer of Most Excellent Order of the 

British Empire (O.B.E.) in 1967. He was a member of the Advisory Committee on Major 

Hazards to the Environment, The Statutory Advisory Committee to the National 

Radiological Protection Board and the Advisory Committee on the Safety of Nuclear 

Installations. In 2001,Farmer passed away (Ackroyd, 2005). 

In his 1967 paper, Farmer suggests that the right format for capturing and 

presenting the results of a risk assessment study should be a probability-consequence 

diagram that uses the average time interval between events i.e. reactor years for 

probability scale and the equivalent ground level release of   !"!𝐼 for consequence scale. 

He referred to a report by International Commission on Radiological Protection (1966) 

that had published findings of the risk of developing thyroid cancer through the 
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inhalation of radioactive iodine.  It was generally agreed that the isotopes of iodine, and 

particularly   !"!𝐼, carried a greater threat to health compared to any of the other fission 

products that might be released in a reactor accident.  Farmer suggested that if a way 

could be found to estimate the likelihood of releasing various quantities of   !"!𝐼 from a 

particular reactor, the risk associated with its operation on any site could be calculated. 

He also captures the importance of a comprehensive safety analysis, which has 

evolved into Probabilistic Safety Analysis of today: 

The building of a reactor implies the acceptance of some finite degree of 

risk. No engineering plant and no structure is entirely risk free, and there is no 

logical way of differentiating between credible and incredible accidents. The 

incredible is often made up of a combination of very ordinary events- for 

example, the breakdown or deterioration that occurs in normal plants and their 

measuring instruments- and the credible may actually be exceedingly improbable 

The logical way of dealing with this situation is to seek to assess the whole 

spectrum of risks in a quantity-related manner, and the purpose of this paper is to 

show how this may affect the choice of sites for nuclear power stations (Farmer, 

1967, p. 221).  

Introduction to the Probability Approach  

Farmer introduced the probability approach by estimating the probability of 

failure a plant and assessing the consequences. Any initiating event sets up an accident 

consequence, which can follow many paths. He then assigned probabilities to each 
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pathway.  A full probabilistic risk assessment comprises a spectrum of events with their 

probabilities and consequences. He then constructed the probability-consequence 

diagram shown in Figure 15. 

 

 

Figure 15: Probability vs. Consequence diagram (Farmer, 1967) 

Farmer, in the introductory section of his paper, makes use of a line of slope -1 as 

a safety criterion by defining an upper boundary of permissible probability for all fault 

consequences (Figure 16). In his plot, area A is one of low risk and area B is the one of 

high risk. All lines of equal slope −1 joins points of equal risk in terms of curies released 

per year. It is denoted in Farmer’s paper that although the line CD with slope −1 (Figure 

16) joins points of equal risk in curies per year, it may not represent an equal risk of 

casualties. Ballard (1993) explains that using   !"!𝐼 release as a consequence measure has 

advantages in terms of plant siting in that it provides a measure of plant safety 
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independent of the specific site in which the plant may be located and also it limits the 

amount of calculation needed. Although such calculations exclude other aspects of siting 

such as weather conditions, population distribution, and emergency measures. A linear 

relation between dose and effect had been assumed in Farmer and Beattie’s calculations. 

  

Figure 16: Possible means for establishing an upper boundary of permissible probability for 

all fault consequences (Farmer, 1967) 

Proposed Criterion: 

Farmer presented details of probability treatment of the conventionally assumed 

loss-of-pressure accident to a modern gas (cooled reactor and the diverse paths the 

outcome could follow depending on whether all or only part of the automatic protective 

systems functioned as intended).  The paper also presented details of reliability analysis 

of an electromechanical protective system, reliability of power supplies, mechanical 

structures, and pressure vessels.  Farmer and Beattie (1976) emphasized:  
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The most important innovation introduced in Farmer’s paper was the concept of 

an arbitrary, but carefully chosen relationship between the estimated size of the activity 

release to atmosphere caused by an accident and the probability (long-term average 

frequency per year, or the reciprocal of the average time period between such events) that 

the specific accident described might occur. This defined an accident release frequency 

limit line, which could be used primarily as a guide for designers of a new plant and those 

who were required to assess the safety of a plant. (p. 227)  

Noting that most people would apply a relatively heavier penalty against the 

possibility of a large release than a small release, Farmer went on in his paper to suggest 

a boundary line of a greater negative slope. He proposed a slope of -1.5 to reduce by 3 

orders of magnitude the frequency of an event whose severity increases by 2 orders of 

magnitude. In Farmer’s opinion, defining such a safety criterion would reflect three main 

considerations:  

1. Possible public reaction after an accident  

2. The estimated number of casualties likely to arise in the population affected by the 

release 

3. The increased risk incurred by any individual; 

He then explains that to establish the collective risk (2) and individual risk (3), 

one needs to define a population distribution. For Farmer’s study a typical population was 

chosen, the details of which were presented in Beattie’s article appended to the same 

paper (Farmer, 1967, p. 229 )    
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A standard site was chosen having 4,000,000 people with a uniform density of 

13,000 per square mile in a radius of 0.5 to 10 mile from the site. The consequence of a 

few thousand curies of 131I on such a site was considered to assess the position of the 

boundary line. To find the position of the criterion line, Farmer assumes that: 

…the programs of reactor installation in several countries will accumulate 

a thousand or so reactor-years of operation within this century. Is the risk of one 

event within this period acceptable? The choice must surely lie between 0.1 and 

10 events, and within this range a reasonable starting point is the choice of a time 

interval of 103 reactor-years, which for a normal distribution, implies a 1-in-3 

chance of a single event occurring within the period and a 1-in-3 chance that the 

event will not occur. (p. 227) 

Farmer’s proposed criterion is shown in Figure 17. The transition in the slope in 

the range of 10 to 1000 curies is to minimize the frequency of small releases, largely on 

the basis of their nuisance value (Farmer, 1967).  Thus no release, no matter how small, 

should occur at a larger probability than 10!! (Meleis & Erdmann, 1972). 

Risk to the Public  

Beattie (1967) in his appendix to Farmer’s (1967) calculates the overall average 

casualty rate for a reactor that satisfies the proposed criterion.  His calculation was on the 

basis of the statement of the International Commission on Radiological Protection, 

Committee No. 1, that “…the best estimate of the total risk can now be made… is that 1 

rem will produce a total 10-20 cases per million persons” (p. 229).   
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Figure 17: Proposed release criterion  (Farmer, 1967) 

He actually assumed that adults and children are equally at risk for the same dose.  

A mean of 15 had been used in Beattie’s calculations.  The population density around the 

site, as mentioned before, was assumed to extend from 0.5 mile to 10 miles radius at 12, 

800 per square mile.  As the third main assumption, the weather condition was supposed 

to be a weighted mean of Classes A to F, as described by Pasquill, with dispersion over a 

30! sector.  On the basis of these three assumptions 104-curie release would give rise to 

33 cases of thyroid cancer. Farmer’s proposed boundary limit provides for an average 

interval of not less than 1.5  ×  10!  reactor years between releases of 10! curies.  The 

equivalent casualty rate is then  33/(1.5×10!), which is approximately 0.002 cases per 

year.  The same calculation for larger and smaller releases let to the results given in Table 

2. Farmer (1967) noted that the risk assessment of a reactor results in many points on a 
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frequency- consequence diagram, most of which would lie within the safe zone.  A few 

points may lie near the Farmer boundary line and a summation of their associated 

casualty-risk rates provides the basis for the overall risk assessment.  Assuming that four 

to five points lie near the boundary line with a casualty risk of 0.001 to 0.003 per year, 

Beattie (1967) concluded that the reactor in Farmer’s example with the risk curve close to 

Farmer’s proposed criterion would result in 5-10 cases of thyroid cancer per 103 reactor 

years, or 0.01 cases per year assuming the typical population. 

Table 2: Suggested acceptable casualty rates for various iodine releases (Farmer, 1967) 

 

Calculated Individual Risk:     

To evaluate the individual risk for the hypothetical reactor that conforms in reality 

with the proposed criterion by Farmer, Beattie (1967) assumed that a release of 1  𝐶𝑖 has 

occurred.  The mean weather condition with a 10%  probability of the wind blowing 

toward the individual at the time of releas was considered.   The authors considered a 

child at 1000 yards in their calculations since he represented the highest individual risk, 

taking into account the likely benefit of emergency action at shorter distances.  They 

concluded that for such a reactor the risk that the child would contract thyroid cancer 
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through inhalation is 5×10!!.   The risk that the child dies from this thyroid cancer 

would be 5×10!! and this is if a release of 1 𝐶𝑖  of   !"!𝐼 has occurred.  By considering 

the release limit line introduced by Farmer (1967) as shown in Figure 17, one introduces 

a release rate equivalent to about 5 𝐶𝑖/𝑦𝑒𝑎𝑟  (The criterion line spans about 5 decades of 

curie release each contributing approximately 1  𝐶𝑖/𝑦𝑒𝑎𝑟).  The risk that a child at 1 km 

would die from thyroid cancer through inhaling is then 2.5×10!! per year.  The same 

child would receive a whole-body dose and a lung dose (Beattie, 1967).  Taking all 

consequences into account, the total risk of death to this individual becomes 5×10!! per 

year.  This risk was too small compared to the risk from other naturally occurring 

hazards.  

Later, Beattie and  Bell (1973) noted that the individual risk of 10!! implied by 

use of the release frequency limit line (Figure 17) for reactor safety control is acceptable 

and could even be increased by 10!  times if individual risk were the only consideration.  

A community risk of an event causing 10 or 10! deaths for a 30-reactor program all-

conforming to Farmer limit line is about 10!! per year (as shown in Figure 18). If the 

acceptable individual risk is increased to 10!! then the community risk of 10 or 10! 

deaths from an event during the 30-reactor program would rise to 10!! per year, which 

seems to high to be acceptable. 

According to Sowby (1965) the individual’s risk of leukemia would be 5×10!! 

per year and the risk of accidental death at the time was 8×10!! per year.  The risk that a 

young person might have died from thyroid cancer contracted naturally was 10!! per 

year.  The natural death rate from leukemia was 5×10!! per year at the time.  
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Linear Dose-Response Relationship 

Beattie (1967) in the his appendix to Farmer’s paper clarifies that a linear relation 

between dose and effect had been assumed in calculations which overestimates the 

number of cancer cases at low and high doses and the results of the calculations should 

have been pessimistic. International Commission on Radiological Protection (ICRP), 

reasoning that the carcinogenic effects had just been observed in a range of doses more 

than 100 rads, had noted the insufficiency of data for justifying the linear relationship. 

However, by examining Figure 5 of the paper: A Study of the Relationship between X-

ray Dose Delivered to the Thyroids of Children and the Subsequent Development 

Malignant Tumors by Beach and Dolphin (1962) referenced in ICRP report, Beattie 

concluded that a linear relationship is a reasonable fit to the somewhat limited existing 

data (Figure 18).  

 

Figure 18: Percentage incidence of malignant thyroid tumors plotted against thyroid dose 

(Beach & Dolphin, 1962)
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Farmer’s Proposed Criterion Drawbacks 

According to Pugh (1969), one drawback of the Farmer criterion is that it gives an 

over-optimistic view of the system. He reasoned that one might split the system down 

into their individual components, to draw very large event trees with each individual 

branch lying well inside the criterion, but it might be barely adequate.  Another 

disadvantage is that Farmer’s limit line set acceptability criteria only for the risk due to 

individual accident sequences, which creates important limitations to the methodology.  

The Farmer limit line cannot be used to provide an estimate of, or limit to, overall system 

risk.  

As pointed out later by Okrent (1975), Farmer had proposed the use of a limit line 

relating acceptable release and probability per year for a single accident sequence, and he 

estimated overall risk on the assumption that only a few accidents would be near the limit 

line.  This assumption underestimates the overall risk from the totality of accident chains. 

A large concentration of accident sequences near the limit line could lead to unacceptable 

overall risk, despite the adequately low risk imposed by each individual accident 

sequence.  Okrent (1975) suggested that such problem would not arise if a continuous 

probability density function (𝑃𝐷𝐹) of the consequences, 𝑓 𝑥 ,  which has been 

determined from a detailed analysis of reactor system faults, were used.  

According to Smith & Kastenberg (1976), one of the shortcomings of the Farmer 

limit line was that although continuous, it was intended to be applied as an upper limit to 

discrete probability-consequence points and was not a suggested upper limit for an 

equivalent continuous accident spectrum.  Another limitation of Farmer criterion was in 
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its ability to reflect overall safety of a nuclear power plant.  In its application for nuclear 

power plant risk analysis on a discrete accident-by-accident basis, the potential for a 

system total risk of any magnitude still exists.  Smith and Kastenberg (1976) explained 

that since each point on or under the limit line represents a finite contribution to the total 

risk, if the number of such points increases then the total risk that the nuclear system is 

facing also increases.  They noted that there is a requirement for an additional constraint 

on the Farmer line approach if a limit on a total risk is to be achieved.  One such 

constraint was inferred from Farmer’s own work.  He had assumed that only a few points 

lie near the limit line and that those not lying near the line contribute negligibly to the 

total risk. Smith and Kastenberg (1976) suggested that if an upper limit is estimated on 

the number of accident modes of a system, such upper limit can be used to establish an 

upper limit on the total system risk. 

Mathematical Definition of Farmer Curve by Beattie, Bell, and Edwards (1969):  

Beattie, Bell, and Edwards (1969) proposed a more formal mathematical 

treatment of Farmer criterion.  The ordinate of the limit line, 𝑔(𝑥), where 𝑥 is the   !"!𝐼 

release in 𝐶𝑖, is defined by the following equation: 

𝑑𝑃 𝑥 = 𝑔 𝑥   𝑑 𝑙𝑜𝑔!" 𝑥  

  
(13) 

where 𝑑𝐹(𝑥) is the infinitesimal element of probability, 𝐹(𝑥), that the release, x, occurs 

in the infinitesimal interval of 𝐶𝑖 release, and 𝑑 log!"𝑥 = 𝑑𝑥 (2.303𝑥).  The 

probability distribution of curies released, 𝑥, is defined by function 𝑓(𝑥) which, in 
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principle, can be determined approximately from a detailed analysis of reactor system 

faults. 𝑔 𝑥   is related to 𝑓(𝑥)  by the following equation: 

𝑔 𝑥 = 2.303  𝑥  𝑓(𝑥) 
  

(14) 

Beattie et al. (1969) showed that the Farmer’s criterion line could be represented by: 

𝑔 𝑥 = 𝐴𝑥!! 

  
(15) 

which is the equation of a straight line on a log-log plot.  For a finite interval, 𝑥! to 𝑥!, 

the probability of a release is obtained from: 

𝐹 𝑥! − 𝐹 𝑥! = 𝑓 𝑥   𝑑𝑥 =
𝑔(𝑥)

2.303. 𝑥   𝑑𝑥
!!

!!

!!

!!
 (16) 

Note that 𝑓(𝑥) and 𝐹(𝑥) are probability distribution function and cumulative 

distribution function, respectively. If 𝑥! = 𝑥 10 and 𝑥! = 𝑥× 10, then x will be the 

median point of the decade interval and: 

𝐹(𝑥× 10)− 𝐹(𝑥 10) =
𝐴

2.303

!!

!!
𝑥! !!!   𝑑𝑥 =

𝐴𝑥!!

2.303𝛼 [10
! ! − 10!! !]   (17) 

 

∴ 𝐹 𝑥× 10 − 𝐹(𝑥 10) = 𝑏𝑔 𝑥 ,        𝑤ℎ𝑒𝑟𝑒  𝑏 =
10! ! − 10!! !

2.303𝑎  
  

(18) 

The values of 𝑏 are given in Table 3. Beattie noted that since the frequency or 

probability of a given release is unlikely to be known with accuracy, the distinction 

between 𝑔(𝑥), for 𝛼 from −0.5 to −1.5, and the probability associated with a decade 

interval around x is unlikely to be of more academic interest and the following 
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approximation can be used to assign a given probability or frequency to the decade 

interval of which the corresponding value of curie release is the geometric mean (Beattie, 

1975, p. 236): 

𝐹 𝑥× 10 − 𝐹(𝑥 ÷ 10) ≈ 𝑔(𝑥)  

  
(19) 

With such definition, the proposed limit line spans ~5 decades of curie 

release, each associated with an average release of ~1𝐶𝑖/𝑦𝑟, so that if the 

release frequencies allowed by the line are fully taken up, the total long-term 

average release would be 5  𝐶𝑖/𝑦𝑟. 

 

Table 3: Relationship between a and b (Beattie et al., 1969) 

 

Pugh (1969) 

According to Pugh (1969) the Steam Generating Heavy Water Reactor (SGHWR) 

Design Office was using a modified version of the one proposed by Farmer in the 

original International Atomic Energy Agency (IAEA) paper, which was related to 

reactors built inside large centers of population.  At the time, the policy of siting reactors 

near, but not in these centers, permitted a relaxation of the criterion.  The limit had not 
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been changed for more frequent accidents (i.e. those releasing 103 curies or less), but 

above that the slope had been changed to -1 from the original -3/2 Figure 19.  

Pugh (1969) states that Farmer criterion gives over-optimistic view of the system. 

He reasoned that one might split the system down into their individual components, to 

draw very large event trees with each individual branch lying well inside the criterion, 

but it might be barely adequate. To overcome this shortcoming, as Pugh mentioned, 

various methods were proposed which basically amount to integrating the risk. Authority 

Health and Safety Branch (AHSB) suggested that the sum of all accidents in each decade 

of    !"!𝐼 release gives a point on the Farmer line and used these points to assess the risk to 

the population. 

 

Figure 19: Release frequency limit lines (Pugh, 1969; Farmer & Beattie, 1976) 
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Otway (1969) 

Otway (1969) proposed a method for the assessment of reactor safety based on 

the individual mortality.  He calculated the total risk of a complex system without 

considering all possible accident modes.  His method involves first establishing several 

(not all) points on a probability consequence graph.  By connecting these points, a 

continuous relation between probability and consequence is formed.  Using this 

continuous relation along with factors that take into account the effect of meteorology 

and radiation dosimetry, the total risk integration was carried out.  The individual risk 

then could be integrated over the population to calculate the societal risk.  They 

suggested the acceptable maximum individual mortality risk of 10!!per year of exposure 

from a nuclear plan.  Such an upper limit was comparable with minor risks to which 

people were exposed and which they implicitly accept; for example, lightning.  This 

number was proposed as the risk that would be incurred by a person living at the site 

boundary; those living further would have lower mortality risk.  Otway (1969) calculated 

the individual risks to an average person in a population with a composition of one-third 

of the population children.  To demonstrate his methodology, it was applied to a typical 

1,000 MWe pressurized water reactor.  The curves of fission product release versus 

accident probability obtained for such reactor are shown in Figure 20.  The risk of 

reactivity accident chain was neglected due to its small contribution. 
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Figure 20: Fission product release versus accident probability (Otway, 1969) 

Figure 21 is an example of individual mortality risk versus probability curve for a 

distance of 104 meter. Figure 22 is the result of integrating the individual mortality risk 

versus probability curves over all probabilities. 

 

Figure 21: Total individual mortality risk vs. probability (Otway & Erdmann, 1970)  
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Figure 22: Individual mortality risk vs. distance for a 1000 MWe pressurized water reactor 

(Otway & Erdmann, 1970) 

An important premise underlying Otway’s method is that it is possible to convert 

a discrete frequency-consequence graph for the accidents to a continuous distribution. 

This requires extrapolating the frequency-consequence characteristics of the points that 

are not included in the analysis from the points that have been included (Smith & 

Kastenberg, 1976).   

Farmer (1971) 

Farmer (1971) discusses the systematic use of experience as a means for the 

identification of future risk and as an aid towards its reduction.  Regarding acceptable 

levels of risk, Farmer mentions that at the time the United States Atomic Energy 

Commission was requiring the severity levels of accidents to be limited in inverse 

proportion to their expected frequency of occurrence. He then shows the implication 
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using data on the risk of incurring thyroid carcinoma through inhaling I131.  Farmer 

combined it with a typical distribution of wind and weather for the U.K. He used three 

different sites: (a) A remote site with only a nearby village and scattered rural population 

for many miles, (b) a semi-urban site of the type adjacent to a developed area with many 

towns in the middle distance, and (c) a hypothetical site at the center of a city of 4×10! 

population (see Figure 23). 

Curve 1(𝑠) in the figure shows the effect of discharging through a 100-meter 

stack for site (1).  A reactor conforming to the modified Farmer frequency limits (slope -

1) was assumed to be located at each site.  The Number of Casualties referred to as 

abscissa in Figure 23 is number of cases of thyroid cancer,  and the number of deaths 

from thyroid cancer may be assumed one-tenth of this.  It was suggested that the 

calculated thyroid cancer death rates be multiplied by 5 in order to obtain the total death 

rate from all cancers to account for the risk of death from other cancers induced by whole 

body radiation as well.  The mathematical calculations to derive these risk curves are 

described in detail by Beattie, Bell,  and Edwards (1969).  It should be noted that if the 

frequency distribution of N is to be represented by 𝑓(𝑁) then the curves in Figure 23 

show 𝑔(𝑁) where: 𝑔(𝑁) = 2.303  ×  𝑁  ×  𝑓(𝑁). As shown in Figure 24, Farmer 

compared the risk from random aircraft crashes in U.S. and the U.K. based on historical 

data to the risk from nuclear program conforming to Figure 19. As shown in Figure 24, 

this risk is two orders of magnitude higher in the range 10 to 100 than would result from 

the nuclear program. This graph was later referred to in Beattie and Bell (1973). 
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Figure 23: f:N curves for three population distributions (Farmer, 1971) 

 

Figure 24: (a) Comparative f:N curve for aircraft and nuclear reactors, (b) Comparative f:N 

curve for meteorites and nuclear reactors (Farmer, 1971) 
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Meleis and Erdmann (1972) 

Meleis and Erdmann (1972) examined the application of Farmer’s criterion by 

calculating the total individual mortality risk per year for persons living at the exclusion 

distance of the plant and comparing this risk with socially recorded risks at the time. The 

authors claimed that they had used assumptions that are more conservative in their 

calculations compared to the ones used by Framer in his original paper and later by 

Beattie who was following Farmer’s ideas for risk evaluation.  

For the individual mortality risk the authors used the upper limit of 10-7 per 

person per year incurred by a person living at the exclusion distance of a nuclear plant, 

which was suggested by Meleis and Erdmann (1972).  They then attempted to calculate 

the annual individual mortality risk to such a person represented by the placement of the 

risk averse limit line of Figure 17.  To simplify the integration, they approximated the 

curved part of the limit line by a straight line as shown in Figure 25.  

 

Figure 25: The approximated Farmer’s limit line used by (Meleis & Erdmann, 1972) 
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Meleis and Erdmann (1972) showed that in the case of an equal wind-direction 

probability of !
!"

 (any 30o vector over a 360! circle), the total risk from an accidental 

release at the plant was 3.4  ×10!! per year, which is 34 times the suggested acceptable 

individual risk limit. A similar analysis was repeated for the case of a site having a 

prevailing wind condition over a 30!  sector, i.e., a probability of wind change of 1.0.  

Under such an assumption, the total individual mortality risk per year as calculated from 

Famer curve, was 4.1  ×10!!. Such risk figure was 410 times higher than that of the 

target 10!! value. Based on the aforementioned calculated individual risks and the 

acceptable upper limit of 10!! per year for individuals living at the exclusion radius (300 

meter),  Meleis and Erdmann deduced a new location for the limit line that would satisfy 

both Farmer’s probabilistic safety-analysis and also limit the added individual risk (see 

Figure 26 and Figure 27). 

 

Figure 26: Acceptable limit line in the case of equally  likely wind direction (Meleis & 

Erdmann, 1972) 
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Figure 27: Acceptable limit line in the case of a prevailing wind (Meleis & Erdmann, 1972) 

The probabilistic safety analyses of three existing nuclear plants were compared 

with the original and modified limit lines by Meleis & Erdmann (1972).  The three plants 

were (1) the Windscale Advanced Gas-Cooled Reactor (AGR), a CO2-cooled graphite-

moderated reactor (Farmer 1967); (2) a nominal 1000-MW(e) River Plant ( Otway & 

Erdmann, 1970); and (3) the Swiss NOK Benzau nuclear plant, a pressurized-light-water 

reactor (Doron & Albers, 1969). The results are shown in Figure 28, in which a 

correspondence between calculated plant release data and the limit-line concept could be 

observed. Curve 1 represents the Crystal River Plant, Curve 2 is the original Farmer limit 

line, and Curve 3 shows the modified limit line by Meleis and Erdman in the case of 

prevailing wind.  

Meleis and Erdmann (1972) treated the Farmer’s proposed criterion as an upper 

limit for an equivalent continuous accident spectrum, CDF, although it was intended to 

be used as an upper limit to discrete probability-consequence points.  Their method of 

integration employed in their study was challenged by Farmer (1972).  Cox and Baybutt 
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(1982) concluded that Erdmann’s method was tantamount to assuming that the limit line 

represents the 𝐶𝐶𝐷𝐹 of accident consequences. 

 

Figure 28: Limit-line comparison with estimated plant accident data 

 (Meleis & Erdmann, 1972) 

Beattie and Bell (1973) 

Beattie and Bell (1973) suggest that the appropriate limits to the effort and 

expenditure allotted to reactor safety can be judged in part from comparisons with other 

risks.  These risks include those met by individual members of the public in the course of 

everyday life and attempts should be made to set the risk posed by nuclear industry 

against the wider and more general context of human risk, both man-made and natural.  A 

natural background risk arises from the bombardment of the earth by meteorites, some of 
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which are sufficiently large to cause widespread devastation.  They stated that apart from 

meteorite bombardment, there are relatively few events of a random nature capable of 

affecting large numbers of people since most natural disasters tend to recur in particular 

localities.  For man-made hazards, Beattie and Bell (1973) used the societal risk to the 

people on the ground from a plane crash, excluding the number of people in the aircraft.   

As shown in Figure 29, the societal risk (thyroid cancers, not all of which results 

in deaths) from a program of 30 reactors on semi-urban sites in UK is compared to the 

F:N curves from meteorites and plane crashes.  

 

Figure 29: Comparative risk to populations from aircraft, meteorites, and nuclear reactors 

(Beattie & Bell, 1973) 
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WASH-1400: The Reactor Safety Study 

The Reactor Safety Study (RSS), better known as Rasmussen Report or WASH-

1400, was a major advancement in the systematic study of risks for technological devices 

since it emphasized the importance of accidents other than the maximum possible 

impacts (McCormick, 1981).  It demonstrated that fault/event tree methodology provides 

an excellent framework for such analysis.  Keller and Modarres (2005) have given a 

detailed description of the events and different scenarios that resulted in the acceptance of 

Rasmussen by Atomic Energy Commission (AEC) for directing the Reactor Safety Study 

(RSS), which had its start in September 1972.  The staff of RSS consisted of 40 scientists 

and engineers from academia, industry, and the government. Saul Levine, a deputy 

director for nuclear plant research at the AEC, ran the day-to-day operation for 

Rasmussen (Keller & Modarres, 2005).  Levine (1979) notes that the authors of the RSS 

had often stated their debt to Farmer for his work in the field of nuclear power plants, 

which gave them the conviction that such complex tasks in the study could produce 

useful results. 

Norman C. Rasmussen was born in Harrisburg, Pennsylvania on 12 

November 1927. Following naval service in World War II, undergraduate 

education at Gettysburg College and graduate education at the Massachusetts 

Institute of Technology (MIT), he became a physics instructor at MIT in 1956. 

Dr. Rasmussen received a professorship at MIT in 1958, and served in the nuclear 

engineering department until 1994. His initial research concentrated on 

investigating radiation and gamma rays. He was the head of the nuclear 
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engineering department from 1975 to 1981. Among his numerous honors was his 

election to both the National Academy of Engineering (1977) and the National 

Academy of Sciences (1979), as well as serving a 6-year term on the National 

Science Board during the Reagan Administration. Professor Rasmussen won the 

Enrico Fermi Award for excellence in the field of nuclear energy in 1985 for his 

‘pioneering contributions to nuclear energy in the development of probabilistic 

risk assessment techniques that have provided new insights and led to new 

developments in nuclear power plant safety’. Perhaps his most remembered 

moment was his televised debate with activist Ralph Nader over the safety of 

nuclear power. Professor Rasmussen passed away on 18 July 2003” (Keller & 

Modarres, 2005, p. 285) 

The study examined in detail potential accidents in two commercial nuclear 

power plants: a 1065-MWe Boiling Water Reactor (Peach Bottom Unit 2) and a 787-

MWe Pressurized Water Reactor (Surry Unit 1), which were the largest plants of each 

type about to start.  In order to perform a “generic” risk analysis rather than a “site 

specific” analysis, the consequences were analyzed by averaging the weather and 

population data for a set of generic sites obtained by averaging over the 68 sites of the 

first 100 nuclear power plants expected to be operating by about 1980 (McCormick, 

1981).   

Keller and Modarres (2005) noted that the overall fault tree analysis for the entire 

nuclear power plant was too complex in RSS.  As a result, the event tree methodology to 

model the approximate time-line of the possible accident scenarios was developed by 
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Rasmussen.  Event tree method, later matured by Mat Taylor, one of the AEC team 

members of the RSS, became a predominant force in probabilistic risk analyses (PRAs).  

The uncertainty in failure rates and probabilities used in the RSS were on the order a 

factor of 10-100 and even 1000 for very low rates The individual risks and societal risks 

for each of the consequences are tabulated in Table 4. The individual health risk is the 

average (expected) number of people per year that are affected by a given consequence 

divided by the population at risk. WASH-1400 defines the societal risk as the number of 

people that are affected by a particular consequence per year. Societal risk also includes 

the estimated annual dollar cost expected from reactor accidents. 

Table 4 :Approximate average societal and individual risk probabilities per year from 

potential nuclear plant accidents (WASH-1400, 1975) 
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Rasmussen (1975) report states that the most informative outputs of the 

calculation are the complementary cumulative distribution functions that show the 

probability of exceeding consequences of a given magnitude because of radioactive 

releases.  The curves produced in such way, complement of the cumulant, were 

inappropriately known as “Survival Functions” (Rasbash, 1985).  Figure 30 shows the 

F:N curve for early fatalities.  In addition to early fatalities and in a similar manner the 

F:N curves for all other types of consequences: early illness, latent cancer fatalities, 

genetic effects, thyroid nodules, and property damage, relocation, and contamination area 

were calculated.  The probability-consequence relationship shown in Figure 30 and for 

the F:N curves for all other consequences are based on population and meteorological 

distributions applicable to the 68 sites at which the first 100 reactors will be located. 

WASH-1400 (1975) clarifies that the probability-consequence relationship shown in such 

curves are based on the average of population and weather-distributions applicable to the 

sites at which the first 100 reactors will be located.  They represent the combined risk 

from all sites and are not necessarily the correct curves for a given plant on a given site.  

Similar F:N curves were obtained for all other consequences. Instead of number 

of fatalities, the abscissa for the consequences other than fatalities were: number of 

injuries for early illness, Thyroid nodules, and genetic effects, dollar value for property 

damage, square miles for relocation and decontamination area. Keller and Modarres 

(2005) noted that the most controversial part of RSS was the comparison of risks from 

nuclear power plant failures to other more common or extreme rely remote risks such as 

automobile accidents, hurricanes, tornadoes, earthquakes, meteorites, airplane crashes, 



 

 55 

explosions, dam failures, fires, and industrial accidents leading to hazardous chemical 

releases. 

Figure 30 : Probability distribution for early fatalities per reactor year (WASH-1400, 1975) 

For individual risk comparisons and also the societal risk comparisons, the risk 

from potential reactor accidents was shown as a combined average risk.  It was obtained 

by multiplying the consequences associated with each of the release categories by its 

probability and summing them up to give the combined average risk from potential 

reactor accidents.  The average early fatality rate predicted for potential nuclear accidents 

for 100 operating nuclear plants in the U.S. (as calculated in WASH-1400, 1975) was 
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0.003 per year.  The RSS had also shown that only persons within about 25 miles of a 

nuclear plant might suffer early effects.  The total number of people living within 25 

miles of the 68 reactor sites in the U.S. was estimated to be approximately 15 million 

(WASH-1400,1975). The estimated individual risk from reactors in the exposed group 

would be 0.003 divided by 15 million, yielding 2  ×10!!" early fatalities per person-year 

in the exposed population. In       Table 5, this risk is compared to the individual risk of 

death from accidents due to all other causes.  RSS states that it seems reasonable to 

assume that even the most careful of individuals could not expect to reduce his risks from 

accidents by more than a factor of 100.  Furthermore, to achieve this would require a 

significant departure from 'the typical U.S. life style.  Thus the individual risk to a risk 

averse person could not be made much smaller than about 6.0×  10!!  per year. 

      Table 5: Individual risk of early fatalities from nuclear and non-nuclear accidents 

 (WASH-1400, 1975) 

 

The societal risk in WASH-1400 is expressed as the number of fatalities and 

injuries expected in the total U.S. for non-nuclear accidents and also the numbers 
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expected among the 15 million people who live within 25 miles of reactor sites.  

Basically, the societal risks defined by WASH-1400 are another way of expressing the 

individual risks to show their effects on the society as a whole, which are listed in Table 

6. 

 Table 6: Annual accident fatalities and injuries in the U.S. (WASH-1400, 1975) 

 

RSS argues that although the risk to the individuals and society as a whole is from 

nuclear plants is small compared to other more common risks that society and individuals 

accept, society may be sill be reluctant to accept large consequence events at the same 

level of risk as small consequence events.  Therefore, WASH-1400 (1975) compared the 

probability-consequence distributions of nuclear accidents with those of other potential 

large consequence events (Figure 31 and Figure 32).  Rasmussen Report divided large 

consequence events into two types, natural events and man-made events to distinguish 

between events over which man has little control and those for which he is primarily 

responsible.  Natural events included earthquakes, floods, hurricanes, tornadoes, and 

meteor impacts.  The large consequence events classified as man-made included: fires, 

explosions, airplane crashes, dam failures, release of toxic chemicals, and release of 
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radioactivity.  These events were treated independently e.g. the probability that a natural 

event like earthquake causes a man-made accident like fire was ignored. Using these 

diagrams, RSS effectively communicated that the risk associated with the operation of 

100 nuclear power plants is much lower than the risk associated with automobiles, 

airplane crashes, or hurricanes.  Rasbash (1984) denotes that there were two points in the 

matter that Rasmussen did not take into account. 

 

Figure 31: Frequency of man-caused events involving fatalities (WASH-1400, 1975) 
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Figure 32: Frequency of fatalities of natural events involving (WASH-1400, 1975) 

Rasbash (1985) mentioned two areas of concern regarding comparing the risk of 

100 nuclear reactors with that of other man-made hazards, such as fires and explosions.  

First, the people that are killed in nuclear accidents were mostly the ones that live in the 

vicinity of nuclear power plants.  Therefore, the risk from nuclear power plants was 

disproportionately distributes among the population.  Second, the people harmed from 

man-made accidents shown in Figure 32 would mostly get direct benefits from the risky 
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activity (such as the convenience and time saving that passengers get from air 

transportation) compared to the people that were living near nuclear power plants but 

would get marginal benefit.  Rasbash (1984) argued that for an appropriate comparison, 

the number of fatalities in fires and explosions should have been limited to those who 

were not voluntarily living in the buildings or were not employed by those industrial 

facilities.  

Farmer and Beattie (1976) 

Farmer and Beattie (1976) notes that the United Kingdom Atomic Energy 

Authority (UKAEA) was using Farmer’s accident release frequency limit line with slope 

-1 and the pivot point 𝑔(𝑥) = 10!!  years,  𝑥 = 10! curies as shown in Figure 19. 

Regarding Farmer’s proposed criterion, Farmer & Beattie (1976) explain that if 

one takes the boundary line shown in Figure 19 to mean that the frequency of 10!  𝐶𝑖 131I 

is 10!! per year, such a statement is not valid since the probability of having exactly 

10!  𝐶𝑖 release is zero.  To give meaning to Farmer limit line, one must indicate the 

interval on the abscissa to which a given value of ordinate refers i.e., only finite values 

can be assigned to the probability that the release will be within finite intervals of Curies 

on the scale of release.  This concept is implied in Farmer’s paper in 1967, with each 

decade interval on the logarithmic scale of release, from 10   to   10!  𝐶𝑖   of   131I being 

assigned the probability value or ordinate corresponding to that abscissa on the limit line. 

In a UKAEA report in 1969 Beattie, Bell, and Edwards proposed to use a mathematical 

definition of the limit line for evaluation of population risks (Ackroyd, 2005) 
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Chapter 2: Societal Risk (1976- 1995) 

Bowen (1976) 

Bowen (1976), the chief technical officer with the UKAEA Safety and Reliability 

Directorate, in his paper, suggested the risk rate of 10-5/yr./plant to be the criterion 

against which any given off-site individual may judge whether his individual risk 

imposed by the industrial plant is fair or not.  He explained that there were several ways 

to formulate risk-benefit equation for major industrial hazards, but life expectancy 

seemed to be the most logically defensible.  It was shown that at this risk rate, 10!!/𝑦𝑟, 

the negative and positive life expectancies roughly balance.  He then argued against the 

suggestion that an accident, which kills 100 people, should occur 100 times less 

frequently than on that could kill a single person. Since the possible number of fatalities 

in a multiple casualty accident is in the range of 105, if the aforementioned suggestion 

was to be used, the target risk would be 10!!"/𝑦𝑟 for a major event, which seemed 

meaningless for complex engineering systems.  He then added: 

Why should an accident having the potential to kill 100 people be made 100 times 

less frequent than one involving one person? The earlier arguments [accepting 

individual risk criteria of 10!!/𝑦𝑟] can be applied separately to each of the 100 

individuals; if the bargain is good for any one, it is good for them all as a group. 

This applies to any number of people, be it one, or 10! (p. 585)  

Bowen (1976) then stated that would be more meaningful and useful to achieve 

the risk goal of 10!!/𝑦𝑟 at a very high confidence interval for each individual than to 

pose an empirical, 10!!/𝑦𝑟 or less, which is difficult to attain and probably impossible to 
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demonstrate great confidence in.  For the events likely to involve single casualties, a 

moderate confidence interval of 50% was suggested, but for events with major disaster 

potential, much higher confidence interval, 99% or 99.9%, was recommended. If done so, 

adduction of criterion for United Kingdom conditions will not be necessary.  

According to a personal communication with Okrent (1987), Bowen questioned 

the practicability of a risk value as low as 10!!/𝑦𝑟 and suggested that 10!!/𝑦𝑟 might 

provide a more suitable working basis, when one considers all of the ramifications to 

society of the costs of added safety. 

 Smith and Kastenberg (1976) 

One of the shortcomings of the Farmer limit line was that although continuous, 

the intent was to apply it as an upper limit to discrete probability-consequence points and 

not a suggested upper limit for an equivalent continuous accident spectrum.  Smith and 

Kastenberg (1976) transformed it to a probability distribution plot, as prescribed in 

Beattie, Bell, and Edwards (1969) and Farmer (1972) which is shown in Figure 33.  The 

same transformation was carried out on the limit line drawn from Beattie (1967) data. 

Beattie had calculated the consequences of releases on the Farmer’s limit line in terms of 

numbers of resultant casualties (Figure 34). Since the probability distribution is the 

relative distribution of consequences given that an accident occurs, the frequency 

distributions were normalized in the transformation to a probability distribution.  The 

normalization constant was the overall frequency of the original frequency distribution.  
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Figure 33: Farmer limit line: (a) Untransformed, (b) Transformed (Smith & Kastenberg, 

1976) 

 

Figure 34: Beattie limit line: (a) Untransformed, (b) Transformed (Smith & Kastenberg, 1976) 

Another limitation of Farmer criterion was in its ability to reflect overall safety of 

a nuclear power plant.  In its application for nuclear power plant risk analysis on a 

discrete accident-by-accident basis, the potential for a system total risk of any magnitude 

still exists. Smith and Kastenberg (1976) explained that since each point on or under the 



 
64 

limit line represents a finite contribution to the total risk, if the number of such points 

increases then the total risk that the nuclear system is facing also increases.  They noted 

that there is a requirement for an additional constraint on the Farmer line approach if a 

limit on a total risk is to be achieved. One such constraint was inferred from Farmer’s 

own work.  He had assumed that only a few points lie near the limit line and that those 

not lying near the line contribute negligibly to the total risk. Smith and Kastenberg (1976) 

suggested that if an upper limit is estimated on the number of accident modes of a 

system, such upper limit can be used to establish an upper limit on the total system risk. 

They plotted the expected release rates corresponding to points on Farmer limit line as a 

function of accident frequency. The same procedure was carried on the Beattie limit line 

(Figure 35). The point of maximum risk significance on each limit line was identified. 

Such upper limit on risk per accident, considered together with the maximum number of 

possible accident modes could be used to establish an upper limit on risk and this would 

be an appropriate additional constraint on the Famer limit line. 

    

 

Figure 35: Risk curve (a) Farmer limit line, (b) Beattie’s data (Smith & Kastenberg, 1976) 
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Ferreira and Slesin (1976) 

Ferreira and Slesin (1976) observed the frequency of occurrence of various types 

of accidents and regarded them to be implied preferences to determine society's 

willingness to accept various risks.  They adopted the Metropolitan Life Foundation 

(1974) definition of a catastrophe, which is an incident that results in the death of at least 

5 persons. Ferreira and Slesin studied the catastrophic accidents resulted from fires and 

explosion, natural hazards, employment accidents (primarily mining and quarrying), 

transportation accidents (motor vehicle, bus, civil and general aviation, water transport, 

and railroads), and criminal or military acts during the 1956-1970 period.  Table 7 

presents aggregate data for catastrophic accidents within the continental United States 

during the 1956-1970 period. 

Table 7: 1956- 1970 U.S. catastrophes cumulative distributions for all incidents  

(Ferreira & Slesin, 1976) 
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The frequency, severity and death counts in Table 7 can be related as follows. Let 

𝑓(𝑁) be the number of incidents of a certain type that involves N deaths. The cumulative 

counts for each type of accident included in Table 7 is then: 

𝐹 𝑁 = 𝑓(𝑗)
!

!!!

   (20) 

𝐷 𝑁 = 𝑗×𝑓(𝑗)
!

!!!

   (21) 

so the severity is 

𝑆 𝑁 =
𝐷(𝑁)
𝐹 𝑁

  

  
(22) 

As shown in Figure 36, Ferreira and Slesin plot the frequency-severity relations 

on logarithmic axes for various types of accidents. Straight lines were fitted to the data 

for each type of accident. The good fit and the consistency of the slopes were striking. 

The straight lines in Figure 36 connect points satisfying: 

𝑆 𝑁 ! .𝐹 𝑁 = 𝐾  

  

(23) 

where –b is the slope of the line and K a constant associated with the type of 

accident. With a little calculus it was shown that if 𝑆(𝑁)! .𝐹(𝑁) =   𝐾 then a similar 

relationship between N and 𝑓(𝑁) is as follows: 

𝑁!!!. 𝑓 𝑁 = 𝑘   (24) 
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so that the number of deaths raised to the power 𝑏  +   1  times the frequency is a 

constant for any given type of accident.  

 

 

 

Figure 36: Cumulative accident frequency vs. severity distribution for U.S., 1956- 1970 

(Ferreira & Slesin, 1976) 

From the observations it was concluded that for each type of accident considered 

in Figure 36, a ‘𝑏’ value greater than 1 and close to 2 looked more appropriate.  Fitting 

log-linear relations to the data in Figure 36 yielded the least squares estimates of 𝑏!   (for 
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accident type i) listed in Table 8.  Since the Figure 36 lines have slopes of approximately 

2, they correspond to the case where the number of accidents times the cube of the 

number of fatalities, N, was constant 

Table 8: Slopes and correlation coefficients of F:S (Ferreira & Slesin, 1976) 

 

Ferreira and Slesin (1976) assumed a lognormal distributions for severity of 

accidents based on empirical data and noted that central limit theorem arguments about 

the slope of the severity distributions can explain the log-linear 𝐹(𝑁) vs. 𝑆(𝑁) relations 

as shown in Figure 36. Although the log-linear relations may reflect the nature of 

catastrophic events and not revealed preferences, the lognormal distribution assumption 

does not explain the similarity of slopes among the various accident types. The 

consistency of the slopes suggests evidence of systematic societal control. Society can 

affect frequency and impact of accidents.  Governmental measures such as standards, 

safety regulations, and land-use planning are aimed to prevent catastrophes.  Whenever 

prevention is impossible, the government tries to reduce both the severity of the accident 

and the size of the population at risk through early warnings and helping the ones in need. 

Ferreira & Slesin argued that technological and safety programs that reduce the 

occurrence of catastrophes at all severity levels move the accident line toward the origin, 
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and may not alter the slope.  The ones that selectively reduce the occurrence of severe 

accidents cause the line to pivot, increasing its slope. Ferreira and Slesin (1976) reasoned 

that comparatively shallow slope of the natural hazard line supports the hypothesis that 

slopes of the F:S lines reflect societal preferences.  The natural hazard 𝐹: 𝑆 line  has a 

slope of −1.5 whereas the other types of accidents have a slope of −2.1.   

Ferreira and Slesin (1976) noted that the acceptability of risks associated with 

new technology could be tested by using the F:S total line in Figure 36 as a criterion but 

is not easy since: 

• Adding the new spectrum of risks from the new technology to those that already 

exists alters the frequency-severity relationship. As shown in Figure 37, adding a 

2500- death reactor accident would have changed the total line in Figure 37 

substantially, whereas the effect of more common events is minimal. 

• Also because of little data on high fatality disasters, the extrapolation of the F:S 

criterion to encompass large number of fatalities would be highly speculative.  

• Furthermore, there may be discontinuities in social preferences as the level of loss 

changes from small accidents to catastrophic disasters. 
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Figure 37: The sensitivity of the F:S relation (Ferreira & Slesin, 1976) 

Flixborough and First ACMH Report (1976) 

On Saturday 1 June 1974, the Nypro (UK) site at Flixborough was severely 

damaged by a large explosion.  During the late afternoon on 1 June 1974, a 20-inch 

bypass system ruptured that resulted in the escape of a large quantity of cyclohexane and 

formed a flammable mixture.  At about 16:53 hours there was a massive vapor cloud 

explosion, which caused extensive damage and started numerous fires on the site.  

Twenty-eight workers were killed and a further 36 suffered injuries.  The number of 

casualties would have been more if the incident had occurred on a weekday, when the 
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main office block was heavily occupied.  The fires burned for several days and after ten 

days, it was still hampering the rescue work (Parker, 1975). The situation at Flixborough 

revealed the need for better methods of notification of major hazard installations to the 

local planning authorities and for greater guidance for these authorities from the Health 

and Safety Executive (HSE). 

The Advisory Committee on Major Hazards established, after Flixborough, a 

quantitative objective regarding societal risks (ACMH, 1976): 

If, for instance, such tentative conclusions indicated with reasonable confidence 

that in a particular plant a serious accident was unlikely to occur more often than 

once in 10,000 years (or — to put it another way — a 1 in 10,000 chance in any 

one year), this might perhaps be regarded as just on the borderline of 

acceptability… (p. 12). 

 It seems probable from the context, that what Advisory Committee had in mind, 

were events such as Flixborough disaster.  The criteria of 1 in 10,000 per year for 10 or 

more fatalities (Kinchin, 1982; Ball & Floyd, 1998) was proposed. Lowe (1980) noted 

that there was no explanation for the term ‘serious accident’, but since it was written in 

the aftermath of the Flixborough incident, it would seem reasonable to assume that an 

accident involving 30 deaths would be a suitable definition. 

ALARA (1977) vs. ALARP 

ALARA, low as reasonably achievable, was first introduced by International 

Commission on Radiological Protection [ICRP] (1977).  ICRP system of dose limitation 

required that doses to individuals should not exceed the recommended limits and must be 
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as low as reasonably achievable. ALARA requirement assess whether a practice perform 

at a level of exposure which is sufficiently low that any further reduction would not be 

warranted in terms of the increased costs required to accomplish it.  This implies a 

balancing of further resource allocation with the further reduction in risk (Lakey & 

Lewins, 1987) 

The principle of ALARA has been implicit in ICRP recommendations from the 

beginning and its objective was stated in ICRP (1955) as to prevent or minimize injuries 

and to minimize the deterioration of the genetic constitution of the population.  

The first statement of the ALARA similar to its current definition made by ICRP 

(1965) which stated: “as any exposure may involve some degree of risk the Commission 

recommends that any unnecessary exposure be avoided, and that all doses be kept as low 

as readily achievable, economic and social considerations being taken into account.” 

International Commission on Radiological Protection (1973) compared the word 

“readily” to “reasonably” and decided that the later better described ICRP intentions and 

finally ICRP (1973) adopted the “as low as reasonably” form for its recommendations. 

 According to HSE (2014), ALARP is short for “as low as reasonably practicable” 

and SFAIRP is short for “so far as is reasonably practicable”.  The two terms mean 

essentially the same thing and the concept of “reasonably practicable” involves weighing 

a risk against the trouble, time, and money needed to control it.  SFAIRP is the term most 

often used in the Health and Safety at Work etc. Act (1974) and in Regulations, whereas 

ALARP is the term used by risk specialists, and duty-holders are more likely to know it. 
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In HSE’s view, the two terms are interchangeable except in drafting formal legal 

documents when it is necessary to use the correct legal phrase. 

The definition of ALARP was set out by the Court of Appeals (1949) in its 

judgment in Edwards v. National Coal Board, 1 All ER 743 (CA) [1949].  Mr. Edwards 

was killed when an unsupported section of a road in a mine gave way because only about 

half the length of the road was shored up.  The company argued that the cost of shoring 

up all roads in every mine was prohibitive when compared to the risk.  The section in 

question had timber support along half its length. The cost of making it safe compared to 

the risk of injury and loss of life was negligible.  In that case, the Court of Appeals 

considered whether it was reasonably practical to make the roof and sides of a road in a 

mine secure.  The Court of Appeal held that: 

In every case, it is the risk that has to be weighed against the measures necessary 

to eliminate the risk. The greater the risk, no doubt, the less will be the weight to 

be given to the factor of cost.... ‘Reasonably practicable’ is a narrower term than 

‘physically possible’ … a computation must be made by the owner in which the 

quantum of risk is placed on one scale and the sacrifice involved in the measures 

necessary for averting the risk (whether in money, time or trouble) is placed in the 

other, and that, if it be shown that there is a gross disproportion between them – 

the risk being insignificant in relation to the sacrifice – the defendants discharge 

the onus on them (Edwards v. National Coal Board, 1 All ER 743 (CA) [1949]).  

ALARP is about weighing the risk against the sacrifice needed to reduce it even 

more.  The decision, weighed in favor of health and safety, because the presumption is 
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that the duty-holder should implement the risk reduction measure and be able to show 

that it would be grossly disproportionate to the benefits of achievable risk reduction.  

Thus, the process is not one of balancing the costs and benefits of measures but, rather, of 

adopting measures except where they involve grossly disproportionate sacrifices. 

Extreme examples from HSE (2010) might be: 

• To spend £1m to prevent five staff suffering bruised knees is obviously grossly 

disproportionate; but 

• To spend £1m to prevent a major explosion capable of killing 150 people is obviously 

proportionate. 

Kletz (1982) believed that the computation required in phrase reasonably practical 

is usually qualitative.  He mentioned of only one case in which the courts took the 

probability of a fatal accident into account.  This was Tremain vs. Pike 1 WLR 1556 

(1969).  A farm worker had contracted Weil's disease, as the result of contact with rat's 

urine.  From 1933-1948, 45 farm workers (2.8 per year) had contracted the disease which 

was sometimes fatal.  The court concluded that the risk to the farm worker was 'very low 

indeed' and that the provision of protective clothing would have been 'out of all 

proportion in cost and effort to the risk which had to be countered'.  There were about 10 

6-farm workers in the UK over the period 1933-1948.  The risk of getting the disease was 

thus 2.8 x 10 -6 per farm worker per year. Kletz assumed that the number of deaths was 

in the range of 15 per year (out of a total of 45 cases per year) then the risk of death was 

between 6  ×  10!! and 30  ×  10!!𝑝𝑒𝑟  𝑦𝑒𝑎𝑟, corresponding to FAFR's of 0.003 and 

0.015, which seemed trivial by any standards.  Fatal Accident Frequency Rate (FAFR), 
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sometimes called the Fatal Accident Rate (FAR), is the number of fatal accident in a 

group of 1000 men in a working lifetime 10!ℎ𝑟 . 

In his proposed set of societal risk criteria, Higson (1978) used the ALARA 

method, which he then modified the criteria to use ALARP for the region between limits 

for unacceptable and acceptable risks in his 1985 article.   He explained that one reason 

for the importance of this distinction is that ALARP is apparently applicable to an 

individual in a situation where numerous individuals are exposed to risk.  Whereas the 

ICRP’s interpretation of ALARA applies to an individual only if the total population at 

risk is one person, which is not likely to be the case when optimizing reactor protection.  

Higson notes that although ALARP might be applied in the same way as ALARA to 

routine exposure, the Nuclear Installations Inspectorate (1983) states, “no generally 

applicable numerical interpretation is appropriate” (p. 2) 

ALARA and ALARP are both based on the same philosophy, which is balancing 

the harm and the cost of achieving the reduction in harm. When using ALARA the idea is 

to obtain the optimum point, which is the minimum of the total cost curve, whereas 

ALARP is said to have been achieved, when there is a significant imbalance in the 

direction of risk reduction (Lakey & Lewins, 1987). 

Okrent & Whipple (1977) 

The intent of Okrent and Whipple (1977) was to recommend risk criteria that 

came by necessity from an interpretation of past political decisions (revealed preferences) 

coupled with subjective evaluations of achievable levels of safety relative to cost.  They 

first categorized benefits in qualitative terms into three broad areas, as follows: 
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1. Essential to society such as supplies of food, water, and energy. Virtually all members 

of society receive direct benefit from these activities. 

2. Beneficial to society such as most manufacturing of technologies. In tis case, the 

group at risk does not necessarily receives the benefit 

3. Peripheral, if any, value to society which includes those activities which either 

provide benefit to a limited number of individuals or have readily available substitute 

technologies which can provide similar benefits at similar cost with lower risk. 

Okrent and Whipple explained that at least three different aspect of the possible 

technological risk target need to be considered as possible contributors in the 

establishment of criteria:  

• The first criterion they suggested was the maximum allowable non-occupational risk 

to any individual. 

• The second possible criterion could be in the form of a curve which gives limits on 

acceptable magnitudes of hazard to society from accidents at a facility as a function 

of different hazard frequencies (e.g. Farmer’s limit line).  

• The third method, which assesses an equivalent societal cost that increases faster than 

the actual consequences for events involving multiple deaths, uses an equation of the 

form: 

𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡  𝑠𝑜𝑐𝑖𝑎𝑙  𝑐𝑜𝑠𝑡 = (𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦)(𝑐𝑜𝑛𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒)!
!""#$%&'(

  

  
(25) 
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If 𝛼 is unity, then the equivalent social cost will be the same as the expected cost 

(frequency times consequences). Okrent and Whipple proposed approach to risk 

acceptance was: 

 To set an acceptable risk level to the individual most at risk from a technology or 1.

situation beneficial to society, depending on the societal need for the activity 

 1 or 2  ×  10!!/𝑦𝑒𝑎𝑟 at a 90% confidence level for “essential” technologies, with 2.

notification concerning risk and financial compensations like taxes. Essential 

technologies supply societal necessities such as food, water, and energy up to 

some minimum level. 

 10!!/𝑦𝑒𝑎𝑟 at a 90% confidence level for “beneficial” technologies, where the 3.

combined risk of a cluster of technologies is required to be restricted to meet the 

criterion. Most manufacturing would fall into the category of beneficial 

technologies. 

 2×  10!!/𝑦𝑒𝑎r at the 90% confidence level for technologies not generally 4.

beneficial to society which either provide benefits to a limited number of 

individuals (e.g., caviar) or have substitute technologies with lower risk (e.g., 

aerosol deodorants). 

 The requirement to internalize of the cost of risk by requiring insurance or taxes 5.

from the owners of non-generally-beneficial technologies.  The risk aversion 

could be internalized by including an appropriate risk-aversion weighting factor in 

the insurance premiums or tax rates.  Tentative risk aversion factors were 

proposed (Table 9). The other kind of risk aversion would be using a higher value 
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of life as the societal need decreases (e.g., the value of life could be $105 for 

essential technologies, but $106 for non-generally-beneficial technologies) 

Table 9: Tentative risk aversion factors (David Okrent & Whipple, 1977) 

 

In chapter 5 of their report, Okrent & Whipple attempted to estimate the risk 

aversion factors by examining the historical relationship between accident frequency and 

magnitude as shown in Figure 38. A simple model consisting with the data was assumed 

as follows: 

𝑓! = 2,800𝑁!!.!   (26) 

𝐸𝑉! = 2,800𝑁!!.!   (27) 

𝐹! = 1,650𝑁!!.!   (28) 
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𝐸𝑉!! = 4,000𝑁!!.!   (29) 

According to Okrent and Whipple (1977) definition, 𝑓!, 𝐸𝑉!, 𝐹! and 𝐸𝑉!! are 

the frequency of events causing exactly N fatalities, the expected number of fatalities 

from accidents with exactly N fatalities, frequency of events greater than or equal to N, 

and the expected fatalities per year from accidents of magnitude N or greater. Okrent and 

Whipple (1977) reasoned that because of difficulty of curve fitting of low and high 

fatalities and also very low expected fatalities, which were in the range of 10-3-10-2 per 

accident, they were reluctant to accept a function, as shown above, as an appropriate 

criterion for judging the relative acceptability of hazards of various magnitudes. 

 

Figure 38: Frequency vs. magnitude of events (David Okrent & Whipple, 1977) 
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Risk of Transportation of Nuclear Materials (1978) 

Fixed-site nuclear power plants have well known population distribution and the 

evacuation plan can be easily developed for each plant.  In comparison, the population 

density near a transportation accident varies extensively.  Transportation accident may 

occur in areas with low-population densities or in urban areas, and the evacuation plans 

are less well developed.  Since such accidents may occur at any location along the 

shipping route, the variability in the geography and meteorology makes the risk 

assessment of such accidents more complex than the fixed sites (McCormick, 1981). 

Elder (1978) analyzed the risk of shipping spent nuclear fuel assemblies by truck 

and train from nuclear reactors to storage facilities away from the reactor assuming the 

existence of one hundred 1000 MWe LWRs.  He estimated that a truck carrying spent 

fuel would be expected to be involved in a minor accident once every 1.1 years.   The 

estimate for an accident that could result in one or more latent-cancer fatalities to occur is 

once in a 17,500 years.  The risk spectrum for the number of truck shipments projected 

for mid-1980 is presented in a Figure 39.  Elder (1978) also included the risk spectra or 

transportation of other radioactive materials and for other risks in society (WASH-1400, 

1975) for comparison. 

Canvey (HSE, 1978; HSE, 1981) 

The most comprehensive hazard assessment of non-nuclear installations in the 

U.K is the Caney study carried out for HSE at the request of the Secretaries for 

Environment and Employment. The motive was a public inquiry into the question, should 

there be a revocation of the 1973 planning permission to build an oil refinery in the area 

(HSE, 1978).  
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Figure 39: Risk spectrum for truck shipment of spent fuel to interim storage in the 1980s 

Elder (1978) 

The investigation was done into the overall risk to health and safety arising from 

any possible major interactions between existing or proposed installations in the area, it 

was determined in the form of both individual and societal risks. A number of 

recommendations were made for the reduction of the hazards.  The societal risks were 

represented on a log-linear basis rather than the usual log-log plot as shown in Figure 40.  

Figure 40(a) shows that the risk of an accident causing more than 10 casualties for all the 

existing installations is 31×10!!  /𝑦𝑟. Figure 40(b) shows the societal risk for all 



 
82 

proposed developments and shows that the risk of an accident causing more than 10 

casualties is 16×10!!  /𝑦𝑟  (Lees, 1989). 

In 1981, the Second Canvey Report (HSE, 1981) was published. The report 

presents the findings of a reassessment of the risks to the public from serious accidents; 

revisits and lowers some of the frequency estimates; and gives a revised set of hazard 

models and injury relationships (harm) criteria. The reassessment has taken into account 

the changes and improvements at the installations made since the publication  of the 1978 

report from the original investigation into the risks (HSE, 2009). The Second Canvey 

Report represents the societal risks in tabular format, such as shown in Table 10 , but 

does not include any F:N plot. In Table 10, the overall societal risk is compared with the 

values of Table II and III  (before and after improvements) from the Canvey Report 

(HSE, 1978). 

Fryer and Griffiths (1979) 

Fryer and Griffiths (1979) carried out a study on multiple fatality accidents for the 

UK, presenting plots for frequency of accidents causing N or more fatalities for fires, ship 

losses, railway accidents, aircraft crashes, and Public Service Vehicle accidents. Since the 

statistics for large accidents in UK was very poor, the authors studied the worldwide data 

on multiple fatality accidents and used the world trends to extrapolate the United 

Kingdom figures in the direction of larger accidents (Figure 41). Kinchin (1982) notes 

that such curves can be developed for natural causes such as floods, storm, and landslides 

as well and be compared with man-made accidents. In making comparisons between one 

country and another, consideration for the relationship between risks to society and the 

size of population is necessary. 
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Figure 40: Societal risks for  (a) All existing installations; (b) all proposed developments (HSE, 

1978) 
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Table 10: Summary of societal risks in Second Canvey Report (HSE, 1981) 
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Figure 41: Multiple fatalities accidents Fryer & Griffiths (1979) 

Marshall (1982) used the data from Griffiths and Fryer study and compared the 

risk (short-term deaths) of a WASH-1400 reactor located at Sizewell with non-nuclear 

man-caused risks in U.K (Figure 42).  While Marshall commended this presentation for 

conveying the low risks of short-term deaths from imaginable reactor accidents, he 

suggested that its use be restricted to considerations and comparisons of short-term 

deaths. Marshall (1982) proposed the use of other methods on the reduction on life 

expectancy such as the probability of cancer and/or cigarette smoking for the 

representation and discussion of potential number of long-term cancer deaths. 
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Figure 42: Comparison of short-term deaths of non-nuclear accidents with nuclear accidents 

Kinchin Criteria (1978) and Kinchin Revised Criteria (1982) 

Kinchin (1978), the Director of Safety and Reliability in UKAEA, proposed an 

acceptable limit for individual and societal risks for the nuclear industry in UK.  The 

conservative objective was to make the risk of immediate death to an individual member 

of the public small compared with other involuntary risks, and as suggested, the risk 

value became 10!! per reactor year.  He proposed the limit on the annual accidental 

frequency of inducing delayed death to the individual should be 3×10!!  /𝑦𝑟. For 
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societal risks, The author used the frequency-fatality (𝑓!:𝑁) plots as described in Beattie, 

Bell, & Edwards (1969) in which the value of 𝑓! represent the frequency of producing 

between about 𝑁/3 and 3𝑁 casualties.  Thus for 100 reactor installations, the frequency 

of an accident causing the death of between 3 and 30 people would be 10!!/𝑦𝑒𝑎𝑟; for 

accidents causing between 30 and 300 people, the chances would be 10!!/𝑦𝑒𝑎𝑟.  The 

societal risk criteria are shown in Figure 43. Kinchin’s rationale for the early death limit 

curve was, “It would not seem unreasonable to propose a criterion that the total risk from 

nuclear reactors should be roughly comparable with that from meteorites” (Kinchin, 

1978, p. 436, see Figure 44). Each of an assumed population of 100 reactors in the U.K. 

was assigned 1/100 of the total risk. The criteria shown in Figure 43 are drawn for a 

single reactor. Using the same analogy for individual risk, the societal delayed death 

curve was formed using the factor of 30. As shown, a further feature of Kinchin’s criteria 

is that the product of 𝑓! times N is constant for a given criterion line (Griffiths, 1981). It 

should be noted that the 𝑦 − 𝑎𝑥𝑖𝑠 in Figure 43 and Figure 44, the frequency of accidents, 

was named probability per year by Kinchin (1978). 

Kinchin (1978) noted that although Rasmussen (WASH-1400, 1975) went to 

some length to make it clear that although RSS was not proposing a criterion, it was still 

used as a yardstick. With some adjustment in the population densities, Health and Safety 

Executive used the plots in RSS to compare the risk of commercial reactor systems 

accepted in the U.K. with other risks (Figure 44). 

 Kinchin (1982) plotted the proposed societal risk criteria for a single nuclear 

reactor on a F:N diagram and compared them with the estimated curves (before 

improvements) from Canvey Report (HSE, 1978).  
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Figure 43: Kinchin proposed criteria for societal risks (Kinchin, 1978) 



 
89 

 

Figure 44: Comparison of adjusted plots of Rasmussen Study with the proposed criteria 

(Kinchin, 1978) 

The recommendation of Advisory Committee on Major Hazards (ACMH, 1976), 

suggested a probability of 10!! per year for major accidents for a single plant (Figure 

45). Kinchin noted that there was some understandable reluctance to endorse the 



 
90 

probability of human deaths in nuclear engineering field and criteria were sometimes 

expressed in terms of probabilities of exceeding certain radiation doses or the 

probabilities of releasing different quantities of radioactivity as done by Farmer (1967). 

In Figure 45, Farmer criterion for semi-urban sites is converted to fatalities for 

comparison. As noted by Kinchin, his study covered only a small part of Great Britain. 

 

Figure 45: Criteria for multiple fatality accidents (Kinchin, 1982) 

Higson Proposed Criteria (1978) and Modified Collective Safety Goal (1985) 

Higson (1978) recommended specific limits to fatal accident frequencies as a 

safety goal for any new industry in Australia.  As for individual risks he proposed that 

potential fatal accident frequencies for nuclear plants should not exceed 10!! and 10!! 
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per person per year for occupational and non-occupational exposure to risk respectively.  

For individual risks below 10!! and 10!! , no reduction in frequencies was required 

unless the cost was trivial.  Between 10!! and 10!! for occupational exposure and 10!! 

to 10!! for non-occupational exposures, individual risks should be reduced as low as 

reasonably achievable.  Regarding societal risks, Table 11 was constructed which 

presented data on risk of major disasters throughout the world including both recorded 

observations and authoritative estimates based on experience.  For most of these risks, the 

potential number of fatalities is much greater than in any disaster actually record.  

Table 11: Risk of major disasters (Higson, 1978) 

 

For proposing societal risk limits, Higson considered the WASH-1400 F:N plot 

for man-made accidents and  enclosed the curves of this plot within two lines A and C a 

factor of approximately 100 apart (Figure 46). The area above line A represented the risks 

that were unacceptable or dangerous. The area below line C represented the safe area 
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where the risks were generally ignored. Between lines A and C the risks had to be made 

as low as reasonably achievable taking economic and social factors into account. 

 

Figure 46: Criteria scaled to U.S. population (Higson, 1978) 

In Figure 47, the curves A, B, and C had been scaled down to the size of 

population of the United Kingdom.  They were compared with the upper limit of risks 

from the British nuclear power program, based on the assumption that all twenty eight 

British nuclear plants met Farmer’s criterion on rural-industrial sites, and the risks from 

chemical plants on Canvey Island as estimated in First Canvey Report (HSE, 1978).  

Figure 48 shows the Higson’s proposed criteria for Australia. The bandwidth between 
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acceptable and unacceptable risks had been arbitrarily chosen to provide the ratio of 20 to 

1. Higson recommended that for geographically separate conurbations the limits should 

be reduced in proportion to the population. He suggested a factor about 4 for Sydney and 

its environs.  

In 1985, using concepts from NII (1979) and NRC (1983), Higson proposed 

modified criteria for collective risk (Figure 49).  He had adopted the impact of one 

reactor on a population of one million as the basis for the modified criteria.  His rationale 

was that for a 1000-MW(e) nuclear power station, it would be reasonable to base the 

design objective on the impact on approximately a million people at greatest risk.   

 

Figure 47: Criteria scaled to U.K. population (Higson, 1978) 
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Figure 48: Proposed criteria scaled to Australia population (Higson, 1978) 

He the noted that the probability of an accident killing 10 people should be 15 

times less in a population of 1 million than in Australia’s 15 million population which 

had been used as a basis in his 1978 proposed criteria. In addition, in deriving the 

modified criteria shown in Figure 49 from the proposed limits of 1978 that are shown in 

Figure 47, acceptable frequencies were lowered by a factor 10 to achieve a higher level of 

safety for nuclear power plants compared to other industries.  Hence, the resulted 

reduction factor was then about 150 from the first proposed criteria to the modified ones.  

The concept of de minimis level that was used by NII (1979) and NRC (1983) for 
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individual risks in UK and U.S. respectively was implied in 1985 modified collective risk 

criteria by Higson: 

If there is a valid case for a de minimis level of individual risk, as is implied 

by the U.K. and U.S. regulatory approaches, there is a similar case for a de minimis 

level of collective risk below which the impact on society may be regarded as 

negligible. The use of such a cutoff level would avoid the unnecessary expenditure 

of resources on the reduction of risks that are already too low to be of practical 

significance to society. Provisionally, the line representing this de minimis level 

has been kept parallel with the limit line…(p. 10). 

 

Figure 49: Proposed criteria collective risks per reactor (Higson, 1985) 

According to Radioactive Waste Management Glossary, Report IAEA-TECDOC-

264 (1982), De minimis risk is an expression derived from the Latin expression de-
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minimis nun jurat, i.e., the law is not concerned with trivialities. The de minimis level of 

risk is one that is so low to be trivial. Its value depends on a lot of scientific factors and 

the corresponding legislative framework. 

In Figure 50, the Higson modified criteria are compared with criterion published 

by Kinchin (1978) and Levine’s proposed safety goal (Levine, 1980). Higson noted that 

the slope and position of his criteria needed further considerations. 

 

Figure 50: Comparison of proposed collective safety goals per nuclear reactor (Higson, 1985) 

CANada Deuterium Uranium (CANDU,1978) 

Explicit probabilistic criteria have been employed in the licensing of nuclear 

power plants in Canada since 1967 (Cox & Baybutt, 1982). Over time, these criteria have 
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become both more stringent and more detailed. As discussed in Hurst & Boyd (1972), a 

plant is considered to consist of the process system and the safety systems (protective 

system and containment system). The first safety criteria adopted are shown in Table 12. 

These criteria were made more stringent over the years, for example, the maximum 

permissible annual frequency for dual failures was reduced to 3×10!!.  

Table 12: Original probability safety criteria for Canadian nuclear plants (Cox & Baybutt, 

1982) 

 

The CANDU (1978) report by Inter-Organizational Working Group of Atomic 

Energy Control Board (Canada) recognized that more detailed rules were needed to 

allow for failures with differing rates of occurrence and consequences. CANDU proposed 

such rules as shown in Table 13.  Events with annual frequency in the 10!!  to 

10!!  range must be considered as contributing to the overall probability of the relevant 

dose interval, while events with annual frequency < 10!!  are considered incredible, 

though reasonable assurance must be provided that their overall probability is  10!!.  The 

distinction between single and dual failures is retained in the report, but it is explicitly 

recognized that it is only the probability of an event that should determine the acceptable 

consequences and not whether the event is a single or dual failure. Table 13 presents 
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limits on the sum of the probabilities of all accidents with consequences falling in 

prescribed consequence categories.  

Table 13: CANDU (1978) proposed safety criteria for Canadian nuclear plants  

(Cox & Baybutt, 1982) 

 

Table 13 is plotted as a 𝐶𝐶𝐷𝐹 in Figure 51. As shown in Figure 51, the 𝐹:𝑁 

criteria consists of two lines, one with slope –l corresponding to low consequence 

accidents and the other with slope -2 corresponding to more severe accidents. The 

placement of the lines is dictated by the requirement that the risk from each consequence 

category should not exceed that from normal operation. The proposed Canadian criteria 

are in close agreement with the limit-line ideas of Higson (Cox & Baybutt, 1982).  

 

Figure 51: Proposed Canadian licensing criteria (Cox & Baybutt, 1982) 
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Griesmeyer, Sompson, and Okrent (1979) 

Griesmeyer, Simpson, & Okrent (1979) investigated some of the implications of 

incorporating risk aversion in acceptance criteria. They noticed that the frequency falls 

off very rapidly with magnitude as shown in Figure 52 for all US catastrophes and the 

subset of natural hazards for the period 1956-1970 (adapted from Ferreira & Slesin, 

1976).  

 

Figure 52: Cumulative frequency vs. fatality distribution for catastrophes (M≥5) in U.S. 1956- 

1970 (Griesmeyer et al., 1979) 
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Griesmeyer et al. noted that the risk fall off does not necessarily imply a social 

value system since other factors such as cost prevention, number of situations that can 

lead to a large consequence event, economies of scale in risk abatement equipment, or 

other economic considerations that lead to smaller scales and therefore less risk might 

affect the observed frequency-magnitude relationship.  

To describe the data in Figure 52, Griesmeyer et al use the following simple 

model (Note that this dissertation has chosen to use 𝑁 instead of 𝑀 for the number of 

fatalities): 

𝑓! = 𝑐𝑁!!    (30) 

between frequency, 𝑓! and number of casualties in the event, N, with c and 𝛼 being 

constant. For the frequency of events involving N or more fatalities we have: 

𝐹! = 𝑓! .𝑑𝑁
!

!
=
−𝑐𝑁  !!!

1− 𝛼    ,𝛼 > 1  

  
(31) 

                                                                = 𝑐. 𝑙𝑛
𝑁!"#
𝑁 ,𝛼 = 1  

  

(32) 

where 𝑁!"# is a cutoff value needed for the integral to exist when 𝛼 = 1. The expected 

value per year of fatalities in incidents of at least 𝑁  fatalities is 

                    𝐸𝑉!! = 𝑁. 𝑓! .𝑑𝑁
!

!
= −

𝑐𝑁  !!!

2− 𝛼   ,                                  𝛼 > 2  

  

(33) 

 

                                                                                                  = 𝑐. 𝑙𝑛
𝑁!"#
𝑁 ,                                  𝛼 = 2   (34) 
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                                                                                                      =
𝑐

2− 𝛼 𝑁!"#!!! − 𝑁  !!! ,𝛼 < 2   (35) 

This model was fit to the data in Figure 38 for U.S. catastrophe in 1956- 1970 for 

𝑁 ≥ 5: 

𝑓! = 3100𝑁!!.!"   (36) 

𝐹! = 1740𝑁!!.!"   (37) 

𝐸𝑉!! = 3990𝑁  !!.!"   (38) 

and the fit for the natural hazards was: 

𝑓! = 174𝑁!!.!"   (39) 

𝐹! = 97.5𝑁!!.!"   (40) 

𝐸𝑉!! = 510𝑁  !!.!"   (41) 

Griesmeyer et al. (1979) suggested to derive the expected social cost measured in 

equivalent fatalities per year for accidents with N or more fatalities as: 

𝑆𝑜𝑐𝑖𝑎𝑙  𝐶𝑜𝑠𝑡 = 𝑓!  𝑁!
!!"#

!
𝑑𝑁  

  

(42) 

Figure 53 shows the implied social cost as a function of 𝛼 for all U.S. 

catastrophes and the subset of natural hazards, assuming 𝑁 = 5 and 𝑀!"# = 1000.  
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Figure 53: Implied social cost per year vs. risk aversion due to catastrophes in U.S. 1956- 1970 

(Griesmeyer et al., 1979) 

To propose risk acceptance criteria Griesmeyer, Simpson, and Okrent (1979) 

suggested that one way is to express the acceptance criteria in terms of limits to the 

expected equivalent social cost employing a risk aversion factor, 𝛼: 

𝑆𝑜𝑐𝑖𝑎𝑙  𝐶𝑜𝑠𝑡! ≤ 𝑆𝑜𝑐𝑖𝑎𝑙  𝐶𝑜𝑠𝑡!"#"$  

  

(43) 

Another type of risk acceptance criteria have been expressed in terms of a 

frequency-consequence limit line: 

𝑓!! .𝑁
! = 𝑐!   (44) 

where 𝑓!!is the maximum allowed frequency of events for a facility or 

technology with N fatalities, and 𝑐!is a constant. In their paper, Griesmeyer, Simpson, 
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and Okrent (1979) pointed out the set of criteria that Kinchin had proposed for 

acceptance of nuclear reactors in Great Britain which were as follows: 

𝑓!! ≤
10!!

𝑁!               𝑎𝑛𝑑                𝐹!! ≤
10!!

𝑁   
(45) 

Following Kinchin’s proposed set of criteria, Griesmeyer et al used the following 

criterion for the purpose of comparing the effects of risk aversion factor,  𝛼, on the 

acceptance of few technological systems for which risk assessment had been made (The 

Reactor Safety Study, LNG Terminals in California, and Canvey Island): 

𝑓!! = 10!!𝑁!!    (46) 

The result of risk assessments done for RSS, LNG, and Canvey were originally 

expressed in terms of integral frequency- consequence curves, 𝐹!𝑣𝑠.𝑁.  

The Reactor Safety Study 

The Reactor Safety Study (U.S. Nuclear Regulatory Commission, 1975) was the 

first attempt to quantify the risk due to a large technological system. Science Applications 

Incorporated (1979) maintained that the assessed risk in RSS had most likely been 

overestimated. The Ford-Mitre report estimated that the risks could be underestimated by 

a factor as large as 500. In Figure 54, Griesmeyer et al showed the frequency versus 

magnitude relation given by the RSS with the estimated uncertainties reported in RSS as 

well as those given by SAI and Fort-Mitre study.  
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Figure 54: Frequency-Consequence curves for Light Water Reactors estimated in the Reactor 

Safety Study with uncertainty bounds given by RSS and SAI and the upper limit given by 

Ford-Mitre study. Acceptance criteria for various risk aversion factors are also shown 

(Griesmeyer et al., 1979) 

It should be noted that the curves shown in Figure 54 do not represent 

commplementary cumulative distribution functions  (CCDF), rather they had been 

obtained by differentiating the corresponding F:N curves. As shown, even with the worst-
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case estimate, the reactor could be accepted with 𝛼 ≤ 1.2. Later, Griesmeyer & Okrent 

(1981) and Okrent et al. (1981) used the 𝛼 = 1.2 factor to calculate the equivalent social 

cost and limit the societal risk from light water reactors. 

LNG in California: 

In 1976 Science Application Incorporated performed risk assessments for 

proposed LNG terminals in Los Angeles harbor, Oxnard, and Point Conception in 

California and concluded that the risk were extremely low. However, after reviewing the 

report for Oxnard site, Socio Economic Systems Incorporated (SES) concluded that the 

risk could be as high as 380 times those estimated by SAI. The frequency-magnitude 

relationship for both studies of LNG terminal in Oxnard site is shown in Figure 55. As 

shown in the figure, for the SES calculation, the facility must be rejected for 𝛼 ≥ 1.32. 

SAI estimate suggested that the facility is acceptable for 𝛼 ≤ 1.86.   

Canvey Island: 

As stated before, the Health and Safety Executive in England published ‘Canvey: 

An investigation of potential hazards from operations in the Canvey Island/ Thurrock 

area’ in 1978. The purpose of the report was to assess the risk duo to all existing and 

proposed industrial installations in the Canvey area and to propose improvements to 

reduce the risks. The risk after improvements was termed acceptable. The aggregate 

frequency-magnitude relation is shown in Figure 56. Although, even with the proposed 

improvements, the existing facilities do not meet the least stringent criteria, these 

facilities would be considered acceptably safe by the Health and safety Inspectorate if the 

improvements were implemented. 
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Figure 55: Frequency-Consequence curves for the proposed Oxnard LNG facility estimated 

by SAI and SES with the acceptance lines various risk aversions (Griesmeyer et al., 1979) 
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Figure 56: Estimated Frequency-Consequence curves for Canvey Island with and without the 

proposed improvements (Griesmeyer et al., 1979) 

 Nuclear Installations Inspectorate (NII) (1979) 

 In 1975, Windscale fire happened in UK. The graphite core of a very early 

reactor design caught fire, leading to the melting of fuel and release of significant 

amounts of radioactivity. This led to improvements to the UK regulatory framework and 

establishment of an independent Nuclear Installations Inspectorate (NII). In 1975, NII 

became a part of HSE. Following the Three Mile Island accident in U.S. in 1979, NII 

promulgated the safety assessment principle to be used in the licensing of nuclear power 

stations  (NII, 1979).   NII was mostly concerned with individual risks.  

The safety assessment principle contained a large number of detailed provisions 

that not expressed directly in terms of dose and frequency and only a number of them 

expressed in quantitative terms to give guidance to NII assessors (Figure 57).  This 
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quantitative portion of NII safety assessment principles intended to provide guidance to 

both designers and regulators in a licensing context.  The reference assessment levels of 

site boundary doses and associated frequencies were not absolute limits. These levels 

could be exceeded, subject to ALARP.  In other words, a plant that did not meet one or 

more assessment reference levels could still receive licensing if sound engineering 

principles had been used to reduce the risks as low as reasonably practicable.  On the 

other hand, the reduction of risk below the assessment reference level was expected 

where methods of reducing risk were available and not excessively costly (Levine & 

Stetson, 1986). Table 14 shows some implications of NII safety assessment principles for 

members of the public (Higson, 1985) 

 

Figure 57: NII assessment reference levels for discrete fault sequences  

(Harbinson & Kelly, 1986) 
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Table 14: NII fault assessment reference levels and their implications for members of public 

(Higson, 1985) 

 

Harbinson & Kelly (1986) estimated the individual and societal risks of a large 

PWR (1000 MWe) installed at Sizewell and conforming to NII safety principles.  Two 

cases were assumed.  Case A, the assumption that for fault sequences having dose release 

more than the Emergency Release Level (ERL) the product of the sum of frequencies and 

the release dose was the constant for each decade of dose and equal to that in the dose 

band from 1 Dose Limit to 1 ER.  In addition, case B, this constant was 1/100 of that of 

case A. The maximum estimated individual risk of fatal cancer was about 10-6 per year of 

reactor operation for both cases, A and B. See Figure 75 for the estimated societal risk. 

The shaded areas indicate the uncertainty in the analysis.  Cox & Baybutt (1982) plot a 

limit line the trend of which was assessed by means of a suitable least squares fit, as 

shown in Figure 59. The least-squares line shown was fitted to the points in Table 14. 

They noted that the points in Table 14 were reasonably representative of Table 14. The 

slope of the line is -1.52 on a 𝑙𝑜𝑔 − 𝑙𝑜𝑔  plot, as shown. They concluded that the criteria 

of Table 14, lead to a limit line very similar to Farmer’s risk adverse line though without 

an explicit cutoff on the probability of low consequence “nuisance releases”. 
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Figure 58: Societal risks of a reactor at Sizewell and designed to meet NII principles 

(Harbinson & Kelly, 1986) 

 

Figure 59: Limit line for U.K. reactor licensing (Cox & Baybutt, 1982) 
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The German Risk Study (1979) 

In August 1979 results of the German Risk Study for Nuclear Power Plants were 

published. The research was done by the Federal Minister of Research and Technology. 

The study, which was performed on behalf of the Minister of Research and Technology 

of the Federal Republic of Germany, applied as far as possible the methods of the RSS 

(WASH-1400) to German plant and site conditions. To calculate the collective risk 

resulting from reactor accidents, a total of 25 plants at 19 different sites in the Federal 

Republic of Germany were considered. 

As noted in Birkhofer (1979), the direct transfer of the results was not deemed 

justified, mainly for the following reasons: 

There is quite a number of differences between the design of the reference plants 

of WASH-1400 (Surry-1, Peach Bottom-2) and German nuclear power plants. 

The mean population density in the Federal Republic of Germany is more than ten 

times that of the United States. Near nuclear power plants the ratio is about 3:1. 

Complementary cumulative distribution function for early fatalities and latent 

fatalities for 25 nuclear plants are shown in Figure 60.  The 90% confidence limits are 

shown with dashed lines.  

Groningen (1979) 

Following industrial disasters such as Pernis 1968, Flixborough 1974, Beek 1975, 

Seveso 1976, and Hengelo and Tiel in 1976, in 1979 the provincial council of Groningen, 

Netherlands, published the policy paper.   
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Figure 60: F:N plot for early deaths and latent cancer fatalities for German Study and RSS 

corresponding to 25 plants (Birkhofer, 1979) 

Proceeding from the consideration that the mortality rate of individuals must not 

noticeably increase by the activities in a nearby industrial complex, The Groningen 

document put the acceptation norm for the individual risk at a morality rate of 10-5 per 

year for an individual.  This limit is was 1% of the total aggregate risk of death accident 

of approximately 10-3 per year and 1% of the total risk of death from diseases of about 

10-2 per year. 

To control the societal risk, known as group risk in Groningen document, an 

upper limit and a lower limit are indicated on the probability-consequence plot for the 

activity in consideration (Figure 61). The limit lines divide the conceivable accidents into 
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three areas: An unacceptable risk, an area that requires further assessment and evaluation, 

and the acceptable region in which the risks are so slight in comparison with other daily-

life risks. For both individual and societal risks, limits of negligibility were set at 1% of 

value of the acceptability limit. 

 

Figure 61: Groningen group risk criteria (1979) 

This policy document suggests converting different types of injuries to one of the 

equivalent fatality based on the tentative proposed weighting factor listed in Table 15. 

Also noted, that if risks were assessed subjectively, in order to allow for accidents with 

more than one equivalent fatality weigh more heavily, the consequence would be raised 

to a power larger than one. The Groningen (1979) document chose power two: 

…an accident with 10 (equivalent) fatalities will weigh 100 times more heavily 

than an accident with one (equivalent) fatality.  This value was chosen on largely 

subjective grounds, but will be the basis for our [province of Groningen] 

evaluation until further sociological research has been carried out (p. 55). 
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Table 15: Weighing factor for conversion to equivalent fatality (Groningen, 1979) 

 

 

Argentinian Atomic Energy Criteria (1979) 

In Argentina the criterion curve of the Comision de Energia Atomica as shown in 

Figure 62 was used in 1979 (Hauptmanns & Werner, 1991).  Like Farmer criterion, this 

curve relates the frequency of accidents to maximum permissible dose of radiation (1 

sv=100 rem).  

 

Figure 62: Criterion curve of the Comision de Energia Atomica of Argentina (1979) 

 Lowe (1980) 

To propose societal risk criteria, Lowe (1980) turns to the first report of ACMH 

(1976) where it states: “…in a particular plan a serious accident was unlikely to occur 
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more often than once in 10,000 years, …this might perhaps be regarded as just on the 

borderline of acceptability…”(p. 12). Lowe finds it reasonable that an accident involving 

30 deaths would be a suitable definition of the term serious accident, which provides a 

single point on the boundary for unacceptability.  Noting that individual risks of death in 

the order of 10!! 𝑝𝑒𝑟𝑠𝑜𝑛/𝑦𝑒𝑎𝑟 considered insignificant, Lowe explains that the 

problem of applying such a number is that it is very difficult to define the size of the 

population exposed.  Although some might assume that the national population of 50 

million shares the risk, Lowe believes that the criteria should be set based on the 

population actually at risk.  Since it is possible that the population at risk is exposed to 

risks from other sources, the figure 10!! 𝑝𝑒𝑟𝑠𝑜𝑛/𝑦𝑒𝑎𝑟 should represent the total risk 

experiences from all these sources.  Lowe assumes that the worst of incidents on any 

plant would kill at most one in 100 of the local population.  In order to allow for existing 

major hazard plants and for future development any new plants, should be allowed to 

contribute 10% of the total risk to the community. In conclusion, Lowe finds it 

reasonable to assume that any incident causing up to 100 fatalities occurring at a 

frequency of less than 10!!per plant per year can be considered insignificant and the 

boundary can be asymptotically drawn to this value. The full representation of fatal 

incident criteria is shown in Figure 63. Lowe (1980) argued that the major problem in the 

use of such frequency/consequence diagrams  (Figure 63) is that every conceivable 

incident has its own frequency/consequence distribution and theoretically these must all 

be combined to allow comparison with the boundary curves that is very tedious to do 

manually. A more pragmatic approach, as he proposed, is to consider broad categories of 

incident and apply frequency bands to these. At the steep part of our curves, frequency is 
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almost independent of consequences and it would seem reasonable to say that all 

accidents are very serious.  Then two vertical lines are drawn as the boundaries for 

incidents involving say 30 or more fatalities.  This spread gives an upper limit 10!!  per 

year for the most serious incidents.  In support of this figure, the Canvey Island study can 

be considered between the limits where societal risks, after the suggested improvements 

in the installations, were assessed as approximately 5  𝑟  10  !! chances per year of an 

incident resulting in 1000 fatalities.  

 

Figure 63: Proposed societal risk criteria (Lowe, 1980) 

To use the limits shown in Figure 64, each identified hazardous event, is 

quantified to give the frequency of fatal incidents.  This frequency is than split between 

the three categories in Table 16 by considering the probability that only one fatality will 

occur and the probability that more than 30 fatalities will occur, with the middle order 

accepting the difference. Frequencies in each category can be combined and compared 

with the limits. 
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Table 16: Pragmatic limits (Lowe, 1980) 

 

Three possible situations now apply: 

1. All the totals lie within the insignificant region. In such cases, the proposal is 

satisfactory 

2.  Some or all totals lie in the unacceptable region. In such a situation the risks should 

be reduced until the totals are all outside the unacceptable region. 

3. All the totals are outside the unacceptable region but not all are insignificant. In this 

case the proposals can be considered acceptable but some improvement may still be 

possible at reasonable cost.  

After TMI: Okrent and ACRS (1980) 

In U.S., not much attention was paid to quantitative safety goal concepts and their 

applications to nuclear power plants before Three Mile Island (1979).  The Three Mile 

Island power station is near Harrisburg, Pennsylvania in USA.  It had two pressurized 
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water reactors. One PWR was of 800 MWe (775 MWe net) and entered service in 1974.  

It remains one of the best-performing units in USA. Unit 2 was of 906 MWe (880 MWe 

net).  On March 28, 1979, a cooling malfunction caused part of the core to melt in the # 2 

reactor.  The TMI-2 reactor was destroyed. Some radioactive gas was released a couple 

of days after the accident, but not enough to cause any dose above background levels to 

local residents.  There were no injuries or adverse health effects from the Three Mile 

Island accident.  The nuclear power plant accident at the Three Mile Island Unit #2 was 

the most serious in U.S. commercial nuclear power plant operating history, even though it 

led to no deaths or injuries to plant workers or members of the nearby community.  In 

response to TMI, the interest in quantitative safety goals increased dramatically and 

several proposals were developed in the years following the accident: Nuclear Regulatory 

Commission (1980), Joksimovich & O’Donnell (1980), Levine (1980) and NRC (1983). 

The Advisory Committee to Reactor Safeguards (NRC, 1980) stated the aim as to 

keep the frequency of accidents similar to that which occurred at Three Mile Island-2 less 

than 1/100 reactor lifetimes.  Regarding individual risks, since the power generated by a 

plant was assumed to be  generally beneficial to society, it was suggested that  1/2000 

risk of fatal cancer over one’s lifetime duo to reactors was a plausible goal level.  This 

limit was small compared with the existing background risk of death from cancer (0.15-

0.2 person/lifetime due to all causes).  A factor of 5 was arbitrarily used between the limit 

on the risk of delayed cancer death and the limit on the risk of early deaths (i.e., 

probability of early deaths over lifetime of an individual <0.0001).  As for societal risks, 

a simple approach was adopted to assess an equivalent social cost that increases faster 

than the actual consequences for events involving multiple deaths, as follows: 
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 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡  𝑠𝑜𝑐𝑖𝑎𝑙  𝑐𝑜𝑠𝑡 = (𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦)(𝑐𝑜𝑛𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒)!
!""#$%&'(

   (47) 

In the ACRS proposal it was suggested that the social cost for delayed cancer 

death be assessed as equal to the expected number of fatalities (i.e., 𝛼 = 1).  To assess 

the equivalent social cost of early fatalities 𝛼 = 1.2  was used Table 17.  

Table 17: Societal health risk limits ( Okrent et al., 1981) 

 

 

Joksimovich	  &	  O’Donnell	  (1980) 

Joksimovich	  &	  O’Donnell	  (1980), from General Atomic Company, introduced a 

graphical presentation (Figure 64) for the maximum individual risk to a member of the 

public. For societal risks, Joksimovich discussed only latent risks.  He reasoned that 

following a large accident, society would be willing to accept a small fractional increase 

in the overall cancer rate (e.g., 0.01-0.1 % increase would yield 32-325 increased cases) 

and set this limit at a frequency of 10-4 per reactor year.  He chose the power minus -1.5 

to consider the risk aversion.  If the radiation risks were emphasized over other risks, he 

proposed a line of the same slope but through point 0.1 extra cancer cases at 10-4 per 



 
120 

reactor year.  He noted that the TMI accident point lied between these two lines (Figure 

65). As seen, the graph is a  f:N  curve not a CCDF plot. 

 

Figure 64: Quantitative safety goal- individual risks to the most exposed  

(Joksimovich & O’Donnell, 1980) 

 

 

Figure 65: Quantitative safety goal- societal risks (Joksimovich & O’Donnell, 1980) 
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Levine (1980) 

The Levine’s proposal based on a comparison of accidents due to various causes 

and covered the full spectrum of probabilities and consequences of these accidents.  The 

goal of his proposal was to keep the risks from nuclear plant accidents to a small fraction 

of the risks from the sum of all man-caused accidents (Levine, 1980).  The proposed 

safety goal was in the CCDF format representing the total early fatalities and 1/30 of the 

latent fatalities (equivalent to early fatalities as suggested by Litai, 1980) for the total 

nuclear program (Figure 65).  The limits for individual risks were derived from societal 

risk limits using the population data.  The risk aversion applied in the shape of the curves.  

Levine noted that in establishing criteria for nuclear risks, if such risks amounted to 1% 

of the total of all man-caused risks they would not add significantly to the overall 

accident risks.  On the other hand, since nuclear accidents risks were new to public, the 

safety goal was set at 1/10 of the lowest non-nuclear risk.  The basis for using a factor of 

10 between old and new had been provided by Litai (1980). 

NUREG/CR-1916 (Coppola & Hall, 1981) 

The U.S. Nuclear Regulatory Commission report, prepared by Coppola & Hall 

(1981) presents data for the comparison of societal risk from natural and man-made 

hazards.  The data and comparisons of hazards compiled in this report were generated as 

background and support for the studies of risk criteria at Brookhaven National Laboratory 

(BNL) at the time.  Only fatalities resulting from the hazards were used in the comparison 

and no attempt was made to include morbidity (illness) or economic loss in the report 

with the data and the comparative analysis taken from current literature.   
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Figure 66: Proposed safety goal  (Litai, 1980) 

In comparing societal risks for most of the hazards, both expected values and 

frequency vs. consequence curves used to present the risk.  For some hazards (e.g. power 

generation technologies such as nuclear, coal, oil, and gas), which had not exhibited high 

consequence events (catastrophes), the comparisons were based only on estimated 

expected values.. Of the natural hazards, floods, earthquakes, hurricanes and tornadoes 

for the U.S. and the world, especially for the 40 years 1938 to 1977, were chosen for 

inclusion in this report. These are the natural phenomena considered in WASH-1400. 
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Landslides and avalanches were not included in the report because only four events with 

more than ten fatalities occurred within that period. Storms, blizzards and weather-related 

phenomena such as cold or hot spells, although, responsible for as many deaths as 

hurricanes or tornadoes, were not included since the numbers of fatalities were 

considered to be related more to the duration of the abnormal weather, than to any degree 

of severity. 

For the man-made hazards, the ones for which actuarial data were available, such 

as aircraft, railroad, marine, mining, fire and explosion (combined), and motor vehicle 

hazards were compiled.  Actuarial data on all these hazards for the 20-year period 1959 to 

1978 were presented in the report for the U.S. and the rest of the world.  For most man-

made hazards this shorter, more recent period was considered more appropriate since 

technological changes affect the frequency and consequences of fatal events.  According 

to this report, certain manmade hazards, such as dam failures, were not considered as 

dependent on technological changes because many of the structures stay in place for 

many years with no improvements made; therefore, the data for dams covered a longer 

period (i.e. 90 years). The newer man-made hazards included I the report were the 

hazards associated with the transportation of liquefied natural gas (LNG), liquefied 

propane gas (LPG), chlorine, and with nuclear power plants.  

Figure 67 shows the data for natural hazards plus an estimate for meteorites taken 

directly from WASH-1400. Figure 68 shows the data for man-made hazards, with dam 

failures taken from WASH-1400 and the chlorine curve (without evacuation) derived 

from the same source used in WASH-1400.  
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Figure 67: F:N curves for natural hazards (Coppola & Hall, 1981) 
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Figure 68: F:N for man-made hazards (Coppola & Hall, 1981) 

Wu-Chien & Apostolakis (1981) 

Wu-Chien & Apostolakis (1981) examined the risk aversion attitude that is 

included in some risk acceptance criteria proposed by Farmer (1967),  Okrent & Whipple 

(1977), Kinchin (1978) and Groningen (1979).  They showed that the proposed risk 

aversion is a weaker attitude than the risk aversion commonly defined in decision theory.  

They concluded that the boundary curve separating acceptable and unacceptable regions 
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does not have to be a straight line on the logarithmic frequency-consequence space and a 

curve with variable slope would express risk aversion attitude as long as the slope is less 

than −1. 

According to Wu-Chien and Apostolakis, the proposed societal risk criteria are 

usually based on the assumption of a constant rate of occurrence, 𝑓!, of consequence 𝑥 for 

a period of T. The probability, 𝑝!, of occurrence of accidents of consequence 𝑥 in 

(𝑡, 𝑡 + 𝑑𝑡)  is then: 

𝑝! .𝑑𝑡 = 𝑓!  𝑒!!!!  𝑑𝑡  
(48) 

Therefore the expected impact of the accident in a period, T,  is: 

𝑅 𝑥, 𝑓! ,𝑇 = 𝜙 𝑥   𝑓! . 𝑒!!!!  𝑑𝑡 = 𝜙 𝑥 . (1− 𝑒!!!!)
!

!
   (49) 

or 

𝑅 𝑥, 𝑓! ,𝑇 = 𝜙 𝑥 . 𝑓!𝑇            𝑓𝑜𝑟  𝑓! . 𝑡 < 0.10   (50) 

where 𝜙(𝑥) is the impact function. The frequency-consequence space is then divided into 

the acceptable and unacceptable regions by the indifference line: 

𝜙 𝑥   𝑓!  𝑇 = 𝑐   (51) 

where c is a constant determined by external constraints. The above criteria is usually 

expressed on logarithmic scales as follows: 
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𝑙𝑜𝑔𝜙 𝑥 + 𝑙𝑜𝑔 𝑓! = 𝑙𝑜𝑔
𝑐
𝑇    (52) 

Farmer’s Criterion: 

Farmer’s criterion is a straight line on logarithmic scale with slope −1.5 with its 

anchor point at rate 0.66×10!! per reactor year for releases of 10!𝐶𝑖 as follows (Farmer, 

1967): 

1.5 𝑙𝑜𝑔 𝑥 + 𝑙𝑜𝑔 𝑓! = 1.82            𝑥 > 10!𝐶𝑖   (53) 

By comparing Farmer’s criterion with Equation 52 ,  it can be concluded that the 

impact function is then: 

𝜙 𝑥 = 𝑥!.!        𝑥 > 10!𝐶!    (54) 

It will be shown later that 𝛼 = 1.5 > 1  expresses risk aversion. 

𝑐
𝑇 = 10!.!" = 66   (55) 

Farmer considered a time interval of 𝑇 = 1000 reactor years. He argued that one 

release of a few thousand curies during this period should be acceptable. This assumption 

results in 𝑐 = 6.6  ×  10!. It will be shown later that the impact functions of the form 

𝜙 𝑥 = 𝑥!   and  𝛼 > 1 express risk aversion. 

Kinchin’s Criterion: 

Kinchin chose to work with the frequency of x or more deaths, 𝐹!, and he didn’t 

specify the period T. The frequency of x deaths or more is: 
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𝐹! = 𝑓!  𝑑𝑥
!!"#

!
   (56) 

By using the equation of indifference line, Equation (51), the above equation 

results in the following: 

𝑙𝑜𝑔 𝐹! = 𝑙𝑜𝑔
𝑐

𝑇𝜙(𝑥)   𝑑𝑥
!!"#

!
   (57) 

Kinchin proposed the following two indifference straight lines: 

𝑙𝑜𝑔 𝐹! + 𝑙𝑜𝑔 𝑥 = −3    𝑓𝑜𝑟  𝑑𝑒𝑙𝑎𝑦𝑒𝑑  𝑑𝑒𝑎𝑡ℎ𝑠   (58) 

𝑙𝑜𝑔 𝐹! + 𝑙𝑜𝑔 𝑥 = −4.48  𝑓𝑜𝑟  𝑒𝑎𝑟𝑙𝑦  𝑑𝑒𝑎𝑡ℎ𝑠   (59) 

Wu-Chien and Apostolakis concluded that for large 𝑥!"# the impact function 

𝜙(𝑥) that was used in Kinchin’s criterion should be of the form: 

𝜙 𝑥 = 𝑥!   (60) 

Hence, Kinchin was more risk averse than Farmer. Wu-Chien and Apostolakis 

found a contradiction between Kinchin’s impact function, 𝜙 𝑥 = 𝑥! and his statement 

in Kinchin (1978) that in suggesting a criterion, it didn’t seem unreasonable that the 

probability of an accident should be inversely proportional to the number of deaths. This 

implies a risk aversion factor of unity, i.e. no risk aversion. Wu-Chien and Apostolakis 

reasoned that such inconsistency is that Kinchin works with 𝐹! rather than 𝑓!. 
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Risk Aversion in Risk Analysis 

According to Barlow & Proschan (1974) a decision maker is risk averse if his/ her 

impact function 𝜙(𝑥) satisfies: 

𝜙 𝜋𝑥 < 𝜋𝜙 𝑥 ,        𝑓𝑜𝑟  𝑎𝑙𝑙    0 < 𝜋 < 1   (61) 

A mathematical function 𝜙(𝑥) that satisfies the above equation is called star-

shaped. Equivalently, 𝜙(𝑥), 0 ≤ 𝑥 ≤ ∞ is said to be star-shaped if  𝜙(𝑥) 𝑥 is increasing 

in 𝑥. A risk attitude that is expressed by a star-shaped function 𝜙(𝑥) is called weak risk 

aversion. 

From decision theory point of view, risk aversion is defined as follows: Consider 

a lottery that yields either 𝑥! with probability 𝜋 or 𝑥!with probability (1− 𝜋), 0 < 𝜋 <

1. The expected consequence is 𝑥 = 𝜋𝑥! + (1− 𝜋)𝑥!. For risk averse impact functions 

𝜙 𝜋𝑥! + 1− 𝜋 𝑥! > 𝜋𝜙 𝑥! + 1− 𝜋   𝜙 𝑥!       𝑓𝑜𝑟  𝑎𝑙𝑙  0 < 𝜋 < 1   (62) 

A mathematical function 𝜙(𝑥) that satisfy the above equation is called convex. 

When 𝜙(𝑥) is differentiable, a useful criterion for convexity is that 𝜙’(𝑥) is non-

decreasing (Keeney & Raiffa, 1976). As it can be seen, when is zero, which happens 

when the non-occurrence of the event with consequence implies zero consequences, the 

equation for convex functions becomes the equation for star-shaped function and the two 

risk aversion attitudes coincide. This is the case in risk assessments since the non-

occurrence of an accident has no consequences. It should be noted that a convex function 

is star-shaped, but the converse need not be true.  For convenience, Wu-Chien and 

x2

x1
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Apostolakis called a risk attitude that is expressed by a convex 𝜙 𝑥  strong risk aversion, 

and the one that is expressed by a star-shaped 𝜙(𝑥) weak risk aversion. Hence, the strong 

risk aversion implies weak risk aversion but not vice versa. 

Acceptance Criteria 

Given two consequences 𝑥! > 𝑥!  such that 

𝑓!!𝑥! = 𝑓!!𝑥!   (63) 

If the risk aversion is implemented by dividing the frequency-consequence space 

into the acceptable and unacceptable regions by the indifference line, then: 

𝑓!!𝜙 𝑥! > 𝑓!!𝜙(𝑥!)   (64) 

From these two equations, the following equation is obtained: 

𝜙(𝑥!)
𝑥!

>
𝜙(𝑥!)
𝑥!

   (65) 

From the above equation, it is concluded that 𝜙 𝑥  is a star-shaped impact 

function. It can easily be shown that the reverse is also true. If 𝑥! > 𝑥!  and 𝑓!!𝑥! =

  𝑓!!𝑥!, a star-shaped impact function will result in Equation (64). The risk aversion 

attitude expressed by Equation (63) and Equation (64) is called weak risk aversion. 

If the mathematical expression for impact function is power law, 𝜙 𝑥 =

𝑥!  , 𝑓𝑜𝑟  𝛼 > 1, the impact function is convex and it was shown that such functions 

express strong risk aversion.  
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Wu-Chien and Apostolakis concluded that the risk aversion attitude that had been 

applied to proposed societal risk acceptance criteria was a weak aversion attitude 

compared to the risk aversion attitude defined in decision theory. The risk aversion 

attitude defined in decision theory and proposed by Farmer and Kinchin through a power 

low impact function, 𝜙 𝑥 = 𝑥!   𝑓𝑜𝑟  𝛼 > 1, is of strong risk aversion type. They added 

that the impact function does not have to be convex and the risk acceptance boundary line 

does not have to be a straight line (on logarithmic scale). The slope of the boundary 

curve, even for the weak risk aversion, cannot exceed -1. Figure 69 shows three straight 

lines of slopes -1, -1.5, and -2 and a curve expressing risk aversion. The slope of the 

curve cannot be greater than -1 at any point.  

 

Figure 69: Boundary lines that include risk aversion  (Wu-Chien & Apostolakis, 1981) 
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Atomic Industrial Forum Proposal (Okrent, 1987) 

In May 1981, the Atomic Industrial Forum (AIF) proposed a framework for 

establishing and using quantitative safety goals to rationalize the regulatory process.  The 

proposal contains primary goals that place limits on individual and aggregated population 

mortality risk.  Its secondary goals focus on the probability of fuel melt and the cost 

effectiveness of reducing population radiation exposures due to accidents as summarized 

in Table 18. The goal of 10-5/year risk for the most exposed individual is observed to be 

small compared with existing background risk in daily lives, such as motor vehicle 

accidents, fires, criminal violence, etc.  It is of the same order as the cancer fatality risk 

from background radiation sources.  The limit of 1 fatality/year/1000MWe plant on 

societal risk was intended to make the risk from a large reactor less than or comparable to 

a small fraction of the normal background incidence of health effects such as motor 

vehicle accidents, fires and electrocution.  It was also comparable with the population 

health effects of electric power produced from coal, oil, or hydroelectric dams.  The AIF 

proposal does not include any risk aversion to large accidents (Okrent, 1987; Levine & 

Stetson, 1986). 

Table 18: AIF proposed quantitative safety goals (Okrent, 1987) 
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NRC Proposal (1981) and NRC Policy Statement (1983) 

At the request of NRC commissioners, the NRC staff worked on development of a 

proposal of a formal policy on safety goals in 1981. In 1982 the commission issued for 

public comment a Policy Statement on safety goals. After receiving comments from 

ACRS (Advisory Committee on Reactor Safeguards), the industry, and the public, the 

commission adopted in 1983 a safety Policy Statement. The quantitative design 

objectives in the NRC (1983) proposal were as follows (Levine & Stetson, 1986): 

 The risk to an average individual in the vicinity of a nuclear power plant of 1.

prompt fatalities that might result from reactor accidents should not exceed 0.1% 

of the sum of prompt fatality risks resulting from other accidents to which the 

public is generally exposed. Levine & Stetson, (1986) estimated this limit as 

5×10!!/𝑦𝑒𝑎𝑟 early fatality for the average within 1 mile. 

 The risk to the population in the area near a nuclear power plant of cancer 2.

fatalities that might result from nuclear power plant operation should not exceed 

0.1% of the sum of cancer fatality risks resulting from all other causes. Levine & 

Stetson (1986) estimated this limit as 2×10!!/𝑦𝑒𝑎𝑟 times population within 50 

miles for latent cancer fatalities. 

 As for the cost-benefit guideline, the commission proposed that the benefit of an 3.

incremental reduction of societal mortality risks should be compared with the 

associated costs on the basis of $1000 per person-rem averted. 
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 In order to assure emphasis on accident prevention, the Commission proposed that 4.

the likelihood of a nuclear reactor accident that results in a large a scale core melt 

should normally be less than on in 10,000/𝑦𝑒𝑎𝑟 of reactor operation. 

In Table 19, the aforementioned Safety Goal proposals are compared regarding 

the criteria for individual risk, societal risk, and cost-benefit analysis (Levine & Stetson, 

1986). 

Table 19: Comparison of Safety Goal proposals (Levine & Stetson, 1986) 

 

Cox and Baybutt (1982)  

Cox & Baybutt (1982) examined limit-line approaches to the regulation of risk 

from technological systems, such as nuclear power plants or chemical process plants. 
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They denoted that in controlling or limiting risk from a technological system, many 

different aspects of risk must be taken into account. They include: 

1. Overall or total risk from the system 

2. Accidents or categories of accidents with unusually high relative risks 

3. The rate at which accident probability decrease with increasing accident 

consequences 

4. High frequency, low consequence accidents. 

 Cox and Baybutt denoted that all the important aspects of risk could be addresses 

by using a hypothetical CCDF, where 𝑓 𝑥  is proportional to a power of 𝑥, as a standard 

for regulating risk. 

Weak Risk Aversion 

Item 3 is concerned with risk aversion. Cox and Baybutt explained that a risk 

averse attitude could be accounted for by requiring that accident probabilities decrease 

faster than accident consequences increase. One way to ensure this is to impose the 

following condition: 

𝑥𝑓 𝑥   𝑖𝑠  𝑎  𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔  𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛  𝑜𝑓  𝑥, 𝑓𝑜𝑟  𝑥 ≥ 𝑥!"#   (66) 

where 𝑓 is the probability density function (𝑃𝐷𝐹) of consequences, 𝑥. The restriction 

𝑥 ≥ 𝑥!"# is used for both practical and mathematical reasons. The above requirement is 

equivalent to: 
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𝑥𝑓(𝑥)
!!!

!
  𝑖𝑠  𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔  𝑖𝑛  𝑥, 𝑓𝑜𝑟  𝑥 ≥ 𝑥!"#  𝑎𝑛𝑑  𝑓𝑜𝑟  𝑒𝑎𝑐ℎ  𝑓𝑖𝑥𝑒𝑑  𝛥 > 0   (67) 

To prove the equivalence: 

𝑥𝑓(𝑥)
!!!

!
  𝑖𝑠  𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔  𝑖𝑛  𝑥⇔

𝑑
𝑑𝑥 𝑥𝑓 𝑥 𝑑𝑥 < 0

!!!

!
   (68) 

⇔ 𝑥 + 𝛥 𝑓 𝑥 + 𝛥 − 𝑥𝑓 𝑥 < 0            𝑓𝑜𝑟  𝑎𝑙𝑙  𝑥 ≥ 𝑥!"#,𝑎𝑛𝑑  𝑓𝑜𝑟  𝑓𝑖𝑥𝑒𝑑  𝛥 > 0   (69) 

Hence, it can be concluded that Equation (67) is Equivalent to Equation (66), 

which means that the expected annual consequences in the linear range 𝑥, 𝑥 + Δ , of 

constant length L, is decreasing as a function of C. For example, the expected value of the 

number of fatalities for accidents causing 0 to 1000 fatalities is greater than the expected 

value of number of fatalities for the   accidents causing 1000 to 2000 deaths, which is the 

definition of a form of risk aversion. The aforementioned expression of risk aversion, 

Equation (66), by Cox & Baybutt (1982) is equivalent to the weak risk aversion 

expression defined in Wu-Chien & Apostolakis (1981).  

More Stringent Risk Aversion: 

In cases where both probabilities and consequences of potential accidents differ 

by orders of magnitude, it is appropriate to that logarithmic scales are used for 

probabilities and consequences. In such cases, it was suggested that a more stringent risk 

aversion criterion be imposed, namely, that the expected annual consequences for the 

logarithmic interval 𝑥,𝑎𝑥  be a decreasing function of 𝑥. It is required that: 
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𝑥𝑓 𝑥
!"

!
  𝑖𝑠  𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔  𝑖𝑛  𝑥 ≥ 𝑥!"#, 𝑓𝑜𝑟  𝑒𝑎𝑐ℎ  𝑓𝑖𝑥𝑒𝑑  𝑎 > 1   (70) 

This condition is equivalent to: 

𝑑
𝑑𝑥 𝑥𝑓 𝑥 𝑑𝑥 =

𝑎𝑥 !𝑓 𝑎𝑥 − 𝑥!𝑓(𝑥)
𝑥 < 0

!"

!
  𝑓𝑜𝑟  𝑥 ≥ 𝑥!"#,𝑎𝑙𝑙  𝑎 > 1.   (71) 

Since a is arbitrary, the above equation is equivalent to: 

𝑥!𝑓 𝑥 𝑖𝑠  𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔  𝑓𝑜𝑟  𝑥 ≥ 𝑥!"#   (72) 

It can be shown mathematically that the requirement given in Equation (72) 

implies that of Equation (66) for 𝑥 ≥ 𝑥!"#: 

𝑑
𝑑𝑥 𝑥!𝑓 𝑥 = 𝑥!

𝑑
𝑑𝑥 𝑓 𝑥 + 2𝑥𝑓 𝑥 ≥ 𝑥

𝑑
𝑑𝑥 𝑥𝑓 𝑥 ;   (73) 

Thus 

𝑑
𝑑𝑥 𝑥!𝑓 𝑥 < 0    𝑖𝑚𝑝𝑙𝑖𝑒𝑠  𝑡ℎ𝑎𝑡  

𝑑
𝑑𝑥 𝑥𝑓(𝑥) < 0   (74) 

As shown above, later requirement for the risk aversion is stronger than the weak 

risk aversion expression defined earlier. The later expression for risk aversion, more 

stringent risk aversion, is not directly comparable to strong risk aversion as defined in 

decision theory and also examined in Wu-Chien & Apostolakis (1981). 
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Sizewell B and Gittus (1982) 

Sizewell nuclear power stations A and B are two nuclear power stations located 

near the small fishing village of Sizewell in Suffolk, England.  Sizewell B is the UK's 

only commercial pressurized water reactor (PWR) power station that was built and 

commissioned between 1987 and 1995.  Sizewell B was eventually announced as a PWR 

power station in 1980 and the basis for the design was approved by the Central Electricity 

Generating Board (CEGB) in October 1981.  Before the start of construction, the Nuclear 

Installations Inspectorate (NII) and a lengthy public inquiry subjected the design of 

Sizewell B to a detailed safety review.  The inquiry was held between 1982 and 1985.  

The chairperson of the inquiry, Layfield, reported in early 1987 that, subject to a 

satisfactory safety case, there were no substantive reasons why the project should not 

proceed.  The license to proceed with construction was issued in August 1987. 

In 1982, Gittus from CEGB performed a risk and used the exact representation 

method of WASH-1400 to show how safe this proposed PWR would be. The results are 

shown in Figure 70.  Skelcher (1983) deduced that the proposed PWR in Sizewell was so 

safe that if Homo sapiens, since the time of their appearance on the earth, had operated 

one hundred of Sizewell B PWRs, only about 300 would have suffered fatal cancers due 

to one million and half years of their operation. In Figure 71 the societal risk for Sizewell 

and Canvey Island are compared (Allen, Garlick, Hayns, & Taig, 1992).  

Kletz (1982) 

According to Kletz (1982), no single target criterion can be used for all problems 

since the balance between problems and resources differs from company to company and  
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Figure 70: Frequency of health effects for degraded core accident  (Gittus, 1982) 

 

Figure 71: Societal risk reported for Sizewell B and Canvey Island (Allen et al., 1992) 
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from time to time. Risk criteria help managers to allocate their limited resources in a way 

that minimizes the risk to employees and public.  He considers the question of whether 

risk targets should be sharp lines or broad bands.  Although the concept of broad band is 

appropriate since it conveys the idea of a range of acceptability, the disadvantage of the 

this approach is that design and operating staff will be tempted to assume that reduction 

of the risk is not 'reasonably practicable' and will tolerate risks in the upper part of the 

band.  Whereas, if a single target has to be met, experience shows that a reasonably 

practicable way of doing so can usually be found. 

Kletz notes that the best-known example of the use of societal risk was the 

Canvey Island Report (HSE, 1981) at the time.   The risks to the public are shown in 

Table 20.  

Table 20: Risks to the public from Canvey Island (Kletz, 1982) 

 

As another example of societal risk acceptance criterion, Kletz (1982) then points 

out to the most quoted phrase in UK Advisory Committee on Major Hazards’ First 

Report’ (ACMH, 1976), that if “in a particular plant a serious accident was unlikely to 

occur more often than once in 10,000 years, this might perhaps be regarded as just on the 

borderline of acceptability” (p. 12).  Although the First Report does not define a serious 

accident, Kletz (1982) assumes that an accident of Flixborough magnitude (28 killed) is 

meant since the Committee was appointed after Flixborough. Kletz compare three 
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societal criteria, Canvey, Kinchin (1978, 1982), and (ACMH, 1976) for a risk of 

Flixborough size of 30 fatalities (p. 334):  

of 30 fatalities:  

Canvey                                   10!!  

Kinchin                                   3×10!!  

ACMH                                     10!!  

Kletz denotes that incidents killing 30 or more people have occurred in the UK 

with the following approximate frequencies: 

Fires                                       1 in 40 years 

Shipping                                 1 in 8 years 

Railways                                 1 in 10 years 

Aircraft                                   1 in a year 

Public service vehicles           1 in 10 years 

The above figures refer to the UK nationwide and should not be compared with a 

single chemical plant. Kletz assumes that there are 600 plants capable of causing 30 

deaths then the ACMH figure of 10!! per year per site is equivalent to once in 12 years 

for the UK as a whole. Table 21 summarizes the few criteria with their suggested upper 

and lower limits discussed in Kletz (1982). In this table, there is more agreement over the 

positions of the continuous lines than over the positions of the dotted ones. 
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Table 21: Summary of few risk criteria (Kletz, 1982) 

 

Rijnmond Study, Netherlands (1982) 

The Rijnmond study was carried out at the request of the Commission for the 

Safety of the Population of the Netherlands (COVO).  In this study the risk from the 

operation of six selected installations in the Rijnmond area to the employees and the 

population were analyzed. The purpose was to evaluate the feasibility of risk analyses for 

industrial plants.  The types of damage investigated were explosions, fires, and releases 

of toxic substances.  The results were presented in the form of individual risk and 

population risk.  Individual risk was presented using iso-risk lines and population risks 

were shown by means of complementary cumulative frequency distributions (Figure 72 a, 
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& b).  In the Rijnmond study the calculation of the frequencies of occurrence of damage 

was the main contributor to uncertainties in the final result.  The influence of any 

uncertainties in estimation of the corresponding magnitudes of damage was relatively 

small (Hauptmanns & Werner, 1991).  The results of this study were published in Risk 

analysis of six potentially hazardous industrial objects in the Rijnmond area. A pilot 

study (1982). 

 

Figure 72: Complementary cumulative frequency distribution for deaths from (a) Storage of 

acrylonitrile, (b) Storage of ammonia, (Hauptmanns & Werner, 1991) 

PRA Procedures Guide (NUREG/CR-2300, 1983) 

The objective of the PRA Procedures Guide, prepared by the American Nuclear 

Society and the Institute of Electrical and Electronics Engineers (1983), was to provide 

general assistance in the performance of probabilistic risk assessments for nuclear power 
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plants.  The PRA Procedures Guide was intended to provide an overview of the risk-

assessment field, as it existed then, and to identify acceptable techniques for the 

systematic assessment of the risk from nuclear power plants.  

The document states that it is usual to present risks as complementary cumulative 

distribution functions (CCDFs) and considers CCDFs as the most natural form of the 

output of a consequence analysis.  The document suggests using the CCDFs and/or the 

expected values (i.e. the integrals under the CCDF) to be compared with similar 

quantities for other industrial activities, in order to put them in perspective. 

NUREG/CR-2300 notes that in developing CCDF curves (F:N curves), 

uncertainties should be taken into account as shown in Figure 73.  The upper and lower 

bounds are expressed in statistical terms as confidence limits, for example, at 5% and 

95% levels.  The median is the curve above or below which the true CCDF is equally 

likely to lie.  In Figure 73, the mean is shown as lying close to the 95% limit, which is 

characteristic of the highly skewed probability distributions such as lognormal.  

 

Figure 73: Typical uncertainty bounds on a CCDF for early fatalities (NRC, 1983) 



 
145 

NUREG/CR-2300 divides the factors contributing to the uncertainties into two 

parts. The first consists of the factors deriving from other parts of the PRA process. The 

second consists of those uncertainties that are related to consequence analysis. 

LPG Study, Netherlands (1983) 

In 1978 the Minister of Public Health and Environmental Hygiene commissioned 

Netherlands Organization for Applied Scientific Research (TNO) to carry out a study into 

the safety of present and future activities relating to the storage, transshipment, transport 

and use of LPG in the Netherlands.  In their presentation of the safety aspects of activities 

relating to LPG, the researchers concentrated on possible damage (the likely number of 

fatalities) and the probability of its occurring. These factors had been calculated by 

simulating accidents in an actual environment. The results were shown on F:N plots such 

as Figure 74 (TNO, 1983). 

 

Figure 74: F:N curve relating to (a) Rail transport and (b) Inland waterway (TNO, 1983) 
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Rasbash, Fire Safety (1980 & 1984)  

Rasbash (1980) presented the societal risks of large kill size fire and explosions in 

the U.K. for years 1963-1973 in Figure 75. The data for non-dwelling fires were extended 

by taking account of very large fire disasters that had taken place outside the U.K. for the 

same period.  The largest fire for the last century covered by curve BB was the theatre fire 

in Chicago in 1903 that killed 602. 

Referring to the curves in Figure 75, Rasbash made two points regarding the 

distribution of frequency.  First, the curves were almost straight lines showing Pareto 

distributions.  The probability of N or more fatalities in AA curve was approximately 

proportional to 𝑁!! and in the BB curve to 𝑁!!.!  !"!!.!.  Second, the negative slopes 

greater than unity implied a strong traditional aversion factor against multiple fatality 

fires and fire catastrophes.  He then compared his BBCC curves with that of WASH-

1400.  The negative slope for fire and explosions in WASH-1400 was less than unity for 

values of N up to 100, whereas for Rasbash BBCC curve the mean slope for 𝑁 = 1 to 

𝑁 = 100  was −2. Rasbash (1980) divided the risks into two types: individual risk and 

multiple fatality risk. The acceptable limit for the risk of dwelling fires to individuals was 

1.17×  10!!/  𝑦𝑒𝑎𝑟. Dwelling fires having more than 10 fatalities were considered 

catastrophic. The individual risk for non-dwelling fires was estimated to be 3.7×10  !!/

  𝑦𝑒𝑎𝑟. He reduced the acceptable limit for a bystander (a person who does not directly 

benefit from the risk activity) by a factor 1/50 to less than 10!! per year. The risk that an 

individual is killed in a catastrophic fire (more than 10 fatalities per accident) was then 

10!!  /𝑦𝑒𝑎𝑟. 
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Figure 75:  (Rasbash, 1980) 

As for societal risk, he Rasbash suggested that the total risk for all non-dwelling 

fires with N or more fatalities be based on the curve BBCC in Figure 75 and should be 

proportional to the size of the community that is threatened. He then denoted that for 

activities that have marginal or no benefit to the community affected, the acceptable limit 

should be less than 1/20 of the suggested acceptable total risk for. Table 22 lists the 

suggested maximum frequency per annum of all non-dwelling fires with N or more 

fatalities for communities of different size based on BBCC curve of Figure 75. 
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Table 22: Suggested maximum frequency for all non-dwelling fires with N or more fatalities 

(Rasbash, 1980) 

 

Rasbash (1985) denoted that the acceptability of risk depends on the population at 

risk and a target that wouldn’t be acceptable to a community of 1000, would be 

acceptable to a community of 10,000 as shown in Figure 76. This figure also shows that 

the LNG Terminal at Canvey would be acceptable only if the risk of fatalities following 

accidents were distributed equitably over a population of the order of 10!!; the 

population of Canvey Island was 3×10! at the time. Similarly, the PWR in WASH-1400 

would be acceptable if the risk was distributed over a population of 10!. 
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Figure 76:  Targets for acceptability for societal risk (Rasbash, 1985) 

Rasbash (1985) studies the F:N  curves for fires and explosions in the U.K. and 

U.S.A. per million population in each country (AA and BB  in Figure 77(a) respectively). 

The shape of these curves are very similar but for each value of N the probability per 

million population is about 2.5 times as great in the United States as it is in the U.K. Both 

curves change slope for N greater than 10. Curve CC in Figure 77(a) shows the sum of 

fires and explosions estimated by Rasmussen (WASH-1400, 1975) for the United States, 

which has a quite different slope, compared to AA and BB. 

In Figure 77(b) the curves are plotted based on the data for fires in buildings only. 

Again the slopes for U.K. and USA are similar; for domestic fires AA, BB (-4) and for 
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non-domestic fires CC, DD (-1.8), respectively. For a given value of N, domestic multiple 

fatality fires seem to occur about 5 times the frequency in the USA per million people 

exposed than they do in the U.K., whereas non-domestic multiple fatality fires occur with 

only about 1.6 times the frequency.  

 

Figure 77:  Comparison of Fires in UK and USA (Rasbash, 1985) 

Rasbash (1985) proposed a total target risk per million from fires in non-

dwellings as shown in Figure 78. He suggested that the total target value per million of 

population for U.K. should be represented by a fire frequency of occurrence about half as 

great as that expressed in line CC of Figure 77(b).This criterion is shown as line AA 

which extends between 𝑁 = 5  𝑡𝑜  𝑁 = 500 in Figure 78. Included in this figure, there are 
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also lines BB and CC representing the risk for populations of 10! and 5.6  ×10!, the later 

being equal to the population of the U.K at the time. 

 

Figure 78:  Proposed target for acceptability from multiple fatality fires in all buildings other 

than dwellings (Rasbash, 1985) 

Fernandes- Russell (1987) 

Fernandes-Russel (1987) presented F:N plots for a number of man-made and 

natural hazards, which has occurred at a global scale from 1966 to 1986.  Figure 79(a) 

illustrates the frequency of multiple fatality accidents in the United Kingdom for selected 

man-made hazards. The frequency of occurrence is sensitive to the time period to which 
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the data relate as a result of systematic changes over time.  These include increases in 

technological safety, changes in consumer habits, increased efficiency of emergency 

services, changes in the technology employed, and changes in risk management.  Figure 

79(b) shows the change of slope for worldwide aircraft accidents for two 20- year 

periods.  Figure 79(c) presents the F:N plots for three types of consequences: death, 

injury, and evacuation, for chemical and petrochemical industrial accidents in the UK and 

also worldwide.  Figure 79(d) shows the F:N plots for deaths and injuries for air craft 

accidents that have occurred in the UK and worldwide.  In Figure 79(e) and Figure 79(f), 

a comparison of the societal risk posed by some natural hazards and man-made hazards 

for worldwide events was made.  It is concluded from these plots that natural hazards 

often involved casualties more than one order of magnitude greater than typical casualty 

levels for man-made hazards.  These plots show that natural catastrophes appeared to be 

risk seeking rather than risk averse since most of the total number of deaths was due to 

high consequence events.  In contrast the man-made hazards were approximately risk 

indifferent having a slope of −1 in a log-log plot (Allen, Garlick, Hayns, & Taig, 1992). 
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Figure 79:  Frequency of multiple fatality accidents  (Fernandes-Russel, 1987) 

Versteeg, External Safety Policy in Netherlands (1988) 

Versteeg (1988) explains that catastrophic events like the explosions at the 

Flixborough works of Nypro in Great Britain, Dutch State Mines (DSM) works at Beek, 

large toxic release of dioxin at Seveso, Bhopal in Mexico city, and Chernobyl all together 

with a growing public concern about potential hazards. These led the Dutch government 

to initiate a policy of External Safety.  
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Individual risk was defined as the expected frequency with which a hypothetical 

person permanently located out-of-doors at a given distance from the hazardous source 

would be killed.  The policy adapted was that an industrial activity should not increase 

the background mortality risk (10!!/𝑦𝑒𝑎𝑟 for children between 10 and 14 from natural 

causes) by more than 1%.  The upper bound of acceptable individual risk was thus 

10!!/𝑦𝑒𝑎𝑟. An individual risk of 10!!/𝑦𝑒𝑎𝑟 or lower was considered negligible.  In the 

area between the two limits the ALARA (As Low as Reasonably Allowable) principle 

would be applied (Figure 80). 

 

Figure 80:  Criterion for individual risk (Versteeg, 1988) 

The group risk was defined as the probability that a single accident may cause 

more than a specified number of prompt fatalities.  For these risk criteria two CCDFs 

(Complementary Cumulative Frequency Distribution) were chosen in the form of two 

straight lines on a log-log scale (Figure 81). In order to deal with risk aversion a slope of 

-2 was chosen.  Below the lower criterion line the risk was considered as negligible (de 

minimis  level). 
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Figure 81:  Criterion for group risk for prompt fatalities (Versteeg, 1988) 

Dutch National Environmental Plan (VROM, 1989) 

The Directorate General for Environmental Protection [at the Ministry of 

Housing, Physical Planning and Environment in an annex to the Dutch National 

Environmental Policy Plan “Kiezen of Verliezen” (to Choose or o Lose)] laid down 

acceptable risk levels for man.  The negligible risk level has been set at 1% of the 

maximum permissible level.  This substantial margin maintained between maximum and 

acceptable  levels is in the view of uncertainties associated with risk assessments for 

cumulative exposures and also for distinguishing between the two levels properly.  

According to Dutch National Environmental Plan (1988-89), the maximum 

permissible risk level from major accidents was 10!!/𝑦𝑒𝑎𝑟  and the negligible level was 

defined as 10!!/𝑦𝑒𝑎𝑟 for individuals per activity.  The individual risk was calculated for 

the person who runs the greatest risk at a given location.  These limits were to apply in 
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new situations in respect of existing and future residential buildings and other similarly 

vulnerable sites.  For existing situations the maximum permissible risk level was 10 times 

higher than that of new situations, 10!!/𝑦𝑒𝑎𝑟.  For cumulative risks where individual 

risks are due to combined activities in new situations, the maximum permissible level 

was defined as 10!!/𝑦𝑒𝑎𝑟 and the negligible level was defined as 10!!/𝑦𝑒𝑎𝑟.  

The limits chosen for group risk with the aim to prevent social disruption 

specified that the likelihood of an accident should not exceed 10!!/𝑦𝑒𝑎𝑟  for 𝑁 = 10 and 

10!!/𝑦𝑒𝑎𝑟 for 𝑁 = 100 or more death.  The corresponding negligible levels were 

10!!/𝑦𝑒𝑎𝑟 for 𝑁 = 10 and 10!!/𝑦𝑒𝑎𝑟 for 𝑁 = 100 deaths or more (Figure 82). 

 

Figure 82:  Group risk limits for major accidents (VROM, 1989) 
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Tolerability of Risk (HSE, 1988; HSE, 1992) 

The HSE (1988) was commissioned to respond to a request from Layfield Report 

on the Sizewell B Inquiry. The HSE was asked to formulate and publish guidelines on the 

tolerable levels of individual and societal risk to workers and public from nuclear power 

stations.   The resultant report (1988) mostly focuses on individual risk and no attempts 

was made on developing F:N plots.  

HSE (1988) defines the individual risk “as the risk to any individual who lives 

within a particular distance from a plant; or who follows a particular pattern of life that 

might subject him to the consequences of an accident” (p. 11).  Figure 83 illustrates the 

requirements of the HSE to control the risk to individuals from industrial activities.  

Above intolerable level, a risk is regarded as intolerable and is forbidden whatever the 

benefit might be.  Below the broadly acceptable level the risks are so insignificant that 

they need not claim attention and further improvement is not sought.  Between these two 

levels, an activity is allowed to take place.  In pursuing any further safety improvement, 

the risk needs to be reduced further so far as is reasonably practicable (ALARP) by 

taking due account of the benefits flowing from its acceptance and taking into account the 

costs of any risk reduction.  For higher risks between these two limits the principle of 

‘gross disproportion’ applies.  This was first stated in a legal judgment, Edwards v. 

National Coal Board, 1 All ER 743 (CA) [1949], and described by HSE as follows: 

In viewing the costs of extra safety measures the principle of reasonable 

practicality (ALARP) applies in such a way that the higher or more unacceptable 
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a risk is, the more, proportionately, an employer is expected to spend to reduce it. 

Where the risks are less significant, the less, proportionately, it is worth spending 

to reduce them and at the lower end of the zone it may not be worth spending 

anything at all. Below this region the levels of risk are so insignificant that they 

need not claim attention, and the regulator need not ask the employer to seek 

further improvement provided that he is satisfied that these low levels of risk will 

be attained in practice. Nevertheless an employer might himself decide to spend 

even more, and some do.   

 

Figure 83:  Levels of risk and ALARP (HSE, 1988) 

An estimate of general levels of risk that individuals accept for a personal benefit 

is listed in Table 23. 
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Table 23: Some levels of individual risks (HSE,1988) 

 

As for the levels of tolerable and unacceptable individual risk, a risk of death of 1 

in 1000 per annum was accepted for workers in the UK and was adopted at the dividing 

line between tolerable and intolerable according to HSE (1988).  For any individual 

members of the public the maximum level of risk to tolerate was set to 1 in 10! per 

annum.  The risk level of 1 in million (1 in 10!) per annum was considered acceptable. 

Below this level it wouldn’t be reasonable to insist on further expensive improvements to 

standards as long as precaution is maintained.   It was noted that risk of 1 in a million per 

annum was not altogether negligible. The  level of risk, provided there was benefit to be 

gained and proper precautions were taken, would not cause the individual to worry or to 

alter the ordinary behavior in any way. 

 HSE (1988) defined the societal risk as the total harm suffered by a whole 

population and to the future of whole communities assessed by estimating the chance that 

a given number of people would lose their lives.  HSE went on to note that the societal 

risks in Canvey Island facility after improvements were about 1 in 5000 per annum 
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against a major accident capable of causing more than 1500 casualties.  For Thames 

Barrier, the chances of being overtopped had been estimated to be 1 in 1000 per annum.  

This risk was actually equal to the predicted approximate annual chance of an aircraft 

crash somewhere in the UK killing 500 or more people.  From these figures, HSE 

deduced that where there was little choice but to accept a major societal risk.  Such risk 

had to be less than 1 in 1000 and if possible 1 in 5000 per annum.  Regarding the 

tolerable level of societal risks from nuclear reactors, HSE (1988) proposed:  

A figure that might be accepted as tolerable for a considerable uncontrolled 

release anywhere in the UK might be about 1 in 10,000 per annum; or to put it another 

way, 1 chance in 10,000 years. … We might define a major civil nuclear accident as one 

giving rise to an uncontrolled release of a size capable of giving doses of 100 mSv at 3 

km….It is pessimistically estimated that an accident of this size might cause the eventual 

deaths from cancer of about 100 people…The chance of a bigger release of the size 

defined at paragraph 134 [giving doses of 100 mSv at 3 km] is rather lower than this, an 

probably near to about I in 1 million. If therefore there were ever as many as 20 modern 

power reactors in the UK, the risk of the major accident defined above would be of the 

order of 1 in 50,000 per annum (Para. 133, 134, and 135).  

The Tolerability of Risk from Nuclear Power Stations published in 1988 and was 

revised and reissued in 1992 (HSE, 1992)  defined a maximum tolerable societal risk in 

the same manner as the adopted 1988 version.  HSE (1992) concluded that an overall risk 

of 1 considerable accident per 10,000 years from any one of a program of 20 to 50 

modern nuclear reactors, which could lead to the immediate or eventual deaths of 100 to 

1000 people would be acceptable. 
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Quantified Risk Assessment (HSE, 1989a) 

HSE (1989a) studied cases in which a Quantitative Risk Assessment (QRA) was 

used to help judge the risks from Sizewell PWR and 15 other cases (mostly non-nuclear) 

to assist in the decision making regarding acceptability and tolerability of existing plants 

and processes.  Individual risk from each was well below the maximum tolerable figure 

suggested by HSE of 10!! per annum for workers, and 10!! p.a. for others.  Societal risk 

was an additional factor in many of these decisions. HSE (1989a) concluded that there 

was no readily deducible and uniformly applicable upper level of acceptable societal risk; 

variations depend upon judgment involving other factors specific to each case.  HSE 

(1989a) proposed a total of 41 relevant factors which were classified into a ‘taxonomy’ 

illustrating the structure of the wider decision process. 

Thus factors additional to those expressed in an F:N curve were believed to be 

important to decision makers and to the public in further judgments about tolerability.  

The 41 relevant factors that contributed to the decisions were identified at para. 80 and 

appendix 1 of the document.  It was evident that there was an extra dimension of risk 

acceptability, over and above the information displayed on an F:N curve for a particular 

class of risk,  It was considered possible to infer some levels, which reflected past 

decisions, and pointed the way to consistency within that class. Perhaps, these were 

related to the levels of  the difference induced for other classes.  HSE (1989a) went on to 

suggest that one such class was clearly the national tolerability for nuclear power stations 

in the form of 𝐹 = 10!! and 𝑁 = 100.  To this anchor point, a line with the slope of −1 

was added.  According to HSE “a line of this slope would seem to reflect the least that we 
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judge the public might require for larger N; and they might want a steeper curve.” (para. 

33 of  HSE, 1989a) 

In Figure 84 and Figure 85 the societal risk of a hypothetical program of five 

PWR in Sizewell is compared with other types of hazardous situations.  The resulting 

curve is well within the HSE’s tolerability point for the frequency of 1 in 10,000 years of 

uncontrolled releases.  This might pessimistically cause the eventual deaths from cancer 

of about 100 people.  It also falls well within a line with lope -1 passing through such 

anchor point.  

 

Figure 84:  UK risks from certain types of hazardous situations (HSE, 1989a) 
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Figure 85:  Societal risks from some UK situations (HSE, 1989a) 

It should be noted that in these figures, TMI with 0-2 delayed deaths was 

estimated to happen once in 1000 US/PWR reactor years and Chernobyl with 10,000 or 

so delayed deaths would happen once in 100 RBMK reactor years. 
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Land-use Planning (HSE, 1989b)  

The purpose of HSE (1989b) was to advise planning authorities on the 

development of land in the vicinity of installations where there is possibility of major fie, 

explosion or toxic release (other than nuclear installations and licensed explosive 

installations).  Such installations are called major hazards.  This document drew on the 

concepts put forward for nuclear installations (HSE, 1988).  Regarding injury criterion, 

the HSE notes that the risk of death as the criterion is straightforward and easy to 

compare but there are two important problems.  First, is society concerned about risks of 

serious injury or other damage?  And is there difficulty in calculating the risks of death 

from a hazard to individual members of a population that may have differing 

vulnerabilities.  As a possible solution HSE (1989b) suggested an injury criterion other 

than death and defined a dangerous dose, which was a dose of toxic gas, or heat, or 

explosion overpressure that gives all the following effects: 

• Severe distress to almost everyone 

• A substantial fraction requires medical attention 

• Some people are seriously injured, requiring prolonged treatment 

• Any highly susceptible people might be killed 

Thus the individual risk criteria was used to define the upper and lower bounds of 

tolerability relate to the probability of receiving a dangerous dose.  The lower bound of 

such individual risk for land use planning purposes was about 1 in a million per year 

chance of death for vulnerable people and corresponded to a risk of about 1/3 in a million 

per year of death for the majority of population (not vulnerable).  For developments 
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where there would be a high proportion of highly susceptible people, HSE suggested a 

level of 1/3 in a million per year of death as the lower bound for individual risk. For 

involuntary hazards with little immediate benefit to people, HSE used an upper limit of 

10 in a million per year of a dangerous dose or worse.  

Regarding societal risk, HSE, 1989b  indicates how the range of sizes and 

frequencies of disasters can be expressed mathematically using F:N curves. HSE (1989b) 

goes on to explain the difficulties arising with the use of F:N curves.  One difficulty is 

comparing two F:N  curves for two different situations.  As an example clarifying such 

difficulty, a situation that might lead to 10 deaths once in 10 years and a situation that 

might lead to 1000 deaths once in 1000 years both have the same average of 1 death per 

year but it is difficult to chose, which one is worse.  The difficulty of comparing has 

implications for the use of criteria.  If the whole F:N  curve is below the F:N criterion, 

the comparison is easy, but difficulty arises when part of the curve crosses the criterion 

(Figure 86). 

Another difficulty with using F:N curves is that for any given time developments 

are considered separately and the contribution to the total national societal risk from any 

one development is very small.  However, over a long period of time these small 

additions to  the societal risks will accumulate and will become a considerable increase in 

the number of people at risk.  

As another shortcoming, F:N curves is that it represents only the injuries or 

fatalities and do not show other aspects such as economic loss.  Although, it has been 

suggested to allow a greater weighing to be given to large disasters through risk aversion 
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factor, society’s response may be related to other factors as well as the number of people 

hurt.  For example, the Three Mile Island nuclear power station accident in USA had few 

casualties, but caused a great deal of public anxiety and severe political reaction.  

 

Figure 86:  The problem of comparing a curve that crosses the criterion line (HSE, 1989b) 

Due to the difficulties mentioned, rather than an attempt to produce numerical 

criteria for societal risk in 1989b document, HSE applied some qualitative judgments.  

For housing, the HSE advice would be based on the criteria for individual risk.  The 

element of societal risk was allowed for by using a harsher judgment for larger 

developments in the middle zone of the criteria.  For example, HSE could advise against 

10 houses just outside the 10 in a million individual risk region or could advise against 30 
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houses or more just inside the 1 in a million individual risk region.  The judgment was 

essentially a weighing of the significance of individual risk to allow for the larger size 

development, on the basis of a judgment of the aversion of society to large-scale 

disasters.  For other types of development, HSE (1989b) formed a judgment on a 

hypothetical housing development of equivalent size at the location of the development 

site.  On the basis of its position relative to the individual risk level (using equivalencies 

listed in Table 24) and uses the same advice for the actual development. 

Table 24:  Equivalencies of other developments to housing (HES, 1989b) 

 

 

Danish Environmental Protection Agency (Miljøstyrelsen,	  1989) 

The Danish EPA suggested the following criteria for technical evaluation of 

industrial plants: 

• The individual risk limit for the most vulnerable neighbors is 10!!   per year. 

• The societal risk limit is 10!! per year for accidents involving 1 or more fatalities. 

• The societal risk limit decreases in proportion to the square of the number of 

fatalities, as shown in Figure 87. 

• The area above the acceptability curve is called ‘ A Low as Reasonably Achievable.’  
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The argument, that the intersection of the F:N criterion with the frequency axis (at 

𝑁 = 1) at 10!! was that this value was 100  times larger than the individual risk criterion.  

This was precisely the value that logically matched the individual risk criterion as wind 

direction probability and exposure level contributed with a factor 30 to 100 between these 

two values at most sites.  

The argument for the slope, which is inversely proportional to the square of the 

number of fatalities was that: a)  It matched those observed in most statistical 

investigations of major accidents; b) It would take account of the risk aversion required 

for major accidents, 𝑐) The value is supported by discussions that have been presented in 

literature (mainly as a result of the Dutch work) when investigating the practical 

difficulties of existing facilities; and d) The criterion can be met in most plants.  It was 

noted that a criterion with a slope larger 2 would not be met at the site for the of accidents 

having more than 10 deaths outside the fence since such low accident frequencies would 

be very difficult to achieve with normal practice. Arguments that support a lower value 

than 2 are: a) It should be the average loss (the average number of accidents and fatalities 

over the years) and not the size of each incident which forms the assessment base; b) a 

value between 1 and 1.5 is better suited to what is today approved on road transport; and 

c) at Canvey Island hearing it was decided  not to put so much emphasis on accident size.  

The argument against using a cut-off point for the maximum accident size is that 

such a requirement could never be fulfilled.  Even the smallest and best-placed plants in 

almost all industrial areas could cause very serious accidents in extreme circumstances, 

for example, by the contamination of food or water.  As a result, a ‘maximum permissible 

accident’ was not proposed anything. 
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Figure 87:  Societal risk criteria according to Danish EPA (Miljøstyrelsen, 1989) 

Miljøstyrelsen	  (1989) added that a remarkable aspect of the societal risk criteria 

is that they are never related to the size of firms.  It is implicit in the recommendations 

that they apply to all sizes of plants.  This leads to strange situations where small plants 

are allowed to inflict as much risk as very large installations.  One possibility for 

overcoming this problem is to assess the risk compared to the value to society at a 

particular facility.  Society’s benefit can possibly be measured in terms of paid wages or 

taxes.  For some plants, such as medical production and destruction of hazardous waste, 

this principle is inadequate, but there are some other types of analogy where the 

procedure in practice provide a direct measure between risk and societal benefit. 

Higson (1990) 

Higson (1990) proposed a framework of criteria from the accidents in nuclear 

reactors.  Limits and objectives were proposed for individual and societal risks.  These 
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criteria did not distinguish between the risks of early fatalities from the acute effects of 

radiation exposure and the risks of delayed fatalities that were above a cutoff 10 mSv per 

individual exposed in discrete events. As for individual risk, the proposed limit was 10!! 

per person year.  The fatality risk above this limit was considered unacceptable.  The 

proposed objective was 10!! per person year.  Fatality risks that were clearly below this 

level were regarded as truly negligible (de minimis).  

To propose a criterion for societal risk, Higson refers to two anchor points used 

by HSE and NRC.  HSE (1988) drawing no distinction between early and delayed 

fatalities, concluded that 1 chance in 10,000 year of a nuclear reactor accident in the UK 

causing 100 cancer deaths might be tolerable.  The 1 in 10,000 per year chance was 

associated with up to 20 modern nuclear power reactors and could be expressed as a rate 

of 5×10!! per reactor year. Figure 88(a) shows an F:N curve passing through 5×10!! 

per year for fatalities of 100 or more. This curve was taken as the limit.  Also as shown in 

Figure 88(a), a curve was passing through a point identified, in accordance with the 

USNRC (1986) general performance guidelines, as 10!! per reactor frequency for early 

fatalities of 1 or more.  This curve was considered to be in the de minimis region. Higson, 

1990) arbitrarily proposed an intermediate curve (between the limit and de minimis 

curve) as an objective as shown in Figure 88(a) and Figure 88(b). These curves were 

extrapolated to 𝑁 < 1 to indicate that “the criteria might be applied to accidents in which 

there was a probability of less than one of any fatality” (Higson,1990, p. 180). In Figure 

89, the total risk to society from 2000 nuclear power plants that just met the proposed 

criteria is compared with experience of multiple fatality accidents in some non-nuclear 

industries worldwide. 
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Figure 88:  (a) Anchor points denoted by HSE and USNRC, (b) The proposed societal risk 

criteria (Higson, 1990)  

 

Figure 89: Comparison of the proposed criteria with multiple fatality accidents worldwide: A, 

aircrafts accidents (Fernandes-Russell, 1987); M, marine accidents (Fryer & Griffiths, 1979); 

R, railway accidents (Fryer & Griffiths, 1979); C, chemical plant accidents (Fernandes-

Russell, 1987); and N, all nuclear reactor accidents. (Higson, 1990) 
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In Figure 90, the limit line from Figure 88 is compared with the estimates of the 

societal risk of early fatalities from accidents in several Unites States nuclear power 

plants. 

 

Figure 90: Comparison of the proposed criteria with estimates of the societal risk of early 

fatalities from accidents in several U.S. nuclear power plants, after NUREG-1150 (Higson, 

1990) 

In Figure 91, the proposed criterion is compared with Higson (1985) previously 

proposed criterion and the one used in Netherlands at the time. Higson (1990) noted that: 

The criteria recommended criteria in this article have no fundamental basis. 

Indeed, there is no fundamental approach to this issue and no way of proving 

whether any proposed criteria are right or wrong except by using them over a 
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period of time and discovering whether the costs, risks, and other consequences of 

their use meet the requirements of the society (p. 185). 

 

Figure 91: Comparison of the proposed societal risk criteria with the one previously proposed 

in Higson (1985) and the one used in Netherlands (Higson, 1990) 

Advisory Committee on Dangerous Substances (1991) 

In the ACDS (1991) study, the landmark decision was made in the development 

of quantified risk assessment and criteria for industrial major hazards.  Prepared by the 

Sub-Committee of Advisory Committee on Dangerous Substances (ACDS) to study the 

major hazardous aspects of the transport of dangerous substances.  The objective was to 

derive benchmarks for tolerability for existing risks to existing populations to test the 
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need and scope for improvements in safety.  The study was limited to substances and 

transport aspects with significant risks such as  road and rail transport for toxic and 

flammable substances, road and rail transport of explosive articles and substances, and 

port risks for handling of non-explosive substances in bulk.  

Individual Risk: 

For individual risk criteria, ACDS (1991) adopted the criteria proposed by HSE 

(1989a).   According to HSE (1989a) the individual risk level of 1  𝑖𝑛  10,000  per year 

was considered intolerable.  The HSE had also proposed a value of 1 in a million per year 

as a level of risk that would be broadly acceptable although, not altogether negligible, to 

members of the public. A risk between these two levels is tolerable but not negligible and 

needs to be reduced as is reasonably practicable (ALARP).  

Societal Risk: 

The proposal for societal risk was based on the observation that risks at a certain 

complex of plants (Canvey Island in the lower Thames region) were judged just tolerable 

(Figure 92).  Higher risks would be judged intolerable. ACDS proposed a pair of parallel 

lines on and F:N graph for tolerable and negligible criteria in one locality.  Their 

disposition (slope) was chosen to be -1 which according to ACDS reflected overall 

worldwide experience of events involving major installations.  Any extra risk aversion, if 

required, was to be applied explicitly.  ACDS went on to suggest: 

The upper ‘just intolerable’ line is ‘Canvey related’ since for the highest likely 

number of transport accident deaths the ‘frequency’ is that predicted for the Canvey 
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complex [2×10!! per year for 500 or more fatalities]. The lower (parallel) line 

corresponds to a predicted frequency a thousand times lower. Risks below this area 

regarded as negligible. Risks (if concentrated in any one locality) above the upper 

‘tramline’ should be banned, or reduced irrespective of the cost. Those below the lower 

‘tramline’ should be ignored. Risks between these two ‘tramlines’ should be reduced (as 

law requires” so far as is reasonably practicable (p. 15). 

The total risk in the nation as a whole could be significantly greater than the risk 

estimated for the Canvey complex, without any local risk level exceeding the 

intolerability criteria derived from Canvey data.  As a result, any criteria for an 

intolerable level of total national societal risk will be quite different and higher than the 

local intolerability criteria based on the risks from the Canvey complex.  

Although unable to suggest criteria for an intolerable national societal risk, ACDS 

(1991) proposed a national scrutiny level of societal risk and suggested that if national 

risk approached this level, it wouldn’t’ necessarily be intolerable but should be looked at 

with special scrutiny.  This level was determined by using the local intolerability criteria 

and the volume of trade handled at Canvey to derive the tolerable risk per ton of cargo 

handled, and then scaling this by the national volume of trade.  

For each port a local scrutiny level was derived in a similar manner to that used 

for national scrutiny level.  The difference was that for the local scrutiny level for any 

port, the risk level per ton of cargo was scaled by the volume of trade handled at that port 

rather than the national volume.  For ports with volume of trade less than Canvey, the 

local scrutiny level was below the local intolerability level.  In such ports, if the assessed 
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risks were approaching the local scrutiny level, they would still be tolerable but further 

assessment or reduction would be required.  For ports with volume of trade greater than 

Canvey the local scrutiny level was above the local intolerability level.  For such ports, 

the local scrutiny level was not a relevant criterion since risks at or approaching this level 

would already be above the local intolerability level.  

 

Figure 92: Anchor point (intercept) and the criterion lines (slope: -1) (ACDS, 1991) 
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Risk Aversion: 

According to ACDS, (1991) the societal risk of slope -1 implies a judgment by 

the decision maker that he is equally averse to one accident, which might kill a hundred 

or more people, and ten accidents killing ten or more people.  Although such a decision 

appears to be non-risk averse, the phrase ‘or more’ implies risk aversion.  If an F:N curve 

is decomposed to an 𝑓:𝑁 plot, the resulting curve is always steeper by a further minus 1. 

Therefore, an F:N curve of slope -1 corresponds to an 𝑓:𝑁  curve of slope −2, which 

represents  a strong risk aversion.  ACDS concluded that the F:N criteria of slope −1  do 

include some risk aversion, and that the Dutch system for a limit F:N  curve of slope −2 

builds an extreme risk aversion.   One of the reasons of using slope −1 was that the F:N 

curves showing the historical experience of the UK and worldwide chemical industry, 

approximated to slope −1, up to the maximum number of people who had been killed in 

such a situation.  This observed slope might reflect the indirect effect of social judgment. 

In contrast, the curve for natural disasters was shallower. 

Social Constraints on Tolerable Risk (Smets, 1991) 

Smets (1991) presented various types of constraints, which could be imposed by 

society as a reflection of various approaches to risks and suggested reasonable values for 

such constraints.  As for the risk to workers, an upper limit for the frequency of fatal 

accidents involving hazardous substances could be 10!!  accidents per year per 

installation with variation to account for the size of the installation.  It would mean that 

there would be less than 3 fatal accidents per year in the 300 Seveso facilities in France 

and, for a particular plant, at most one fatal accident over a 100-year period in relation to 

hazardous substances.  For accidents with higher number of fatalities, the upper limit can 
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be obtained by extrapolating the data on the basis of Pareto law.  For example, the 

estimated frequency of accidents with 10 deaths on-site or off-site in fixed installations in 

France may be estimated at one in 10 years.  Assuming that this accident would occur in 

one of 100 major Seveso facilities, the maximum frequency of an accident with 10 deaths 

or more on-site and off-site would be 10!!  accidents per year per installation.   Smets’ 

another suggestion to limit the risk to workers was the upper limit of 10!! for the 

probability of death for workers in factories as a result of an accident involving hazardous 

substances. 

For the risk to public, people outside the installations, one measure is to impose a 

certain limit on the probability of a person being killed by 𝑛 accident.  Smets suggested 

the upper limit of 10!! for individual risks.  Another approach, the risk of fatal accident 

approach, limits the risks to public would consists of determining how many major 

accidents can be tolerated by the local communities nearby or by public authorities (i. e., 

how frequently could a hazardous plant cause one or more fatalities off-site).  Smets 

noted that if an accident causing one or more fatalities happens every 25 or 50 years for a 

group of 300 Seveso facilities at risk, the frequency of such accident would be equal to 

10!!accidents per year per plant.  If the most exposed person near a hazardous 

installation is exposed to an individual risk of death of 10!!/𝑦𝑒𝑎𝑟, then the frequency of 

accidents with one or more deaths is at least equal to 10!!/𝑦𝑒𝑎𝑟.  To calculate the risk of 

fatal accident using the Dutch societal risk criterion, Smets extrapolated the F:N criterion 

line to get to the probability of 3×10!! for accidents involving 1 or more fatalities 

(Figure 93). 
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Figure 93: Frequency of fatal accidents, 𝒇(𝟏), according to Dutch F:N criterion   

(Smets, 1991) 

As a better measure of risk for local communities, Smets (1991) went on to 

propose collective risk, which is the death toll that a facility creates on average in its 

neighborhood (i.e. the mathematical expectation of the number of deaths off-site) 

[product of the frequency of fatal accidents off-site by the average number of deaths in 

such accidents].  Limiting the collective risk at 10!!  𝑑𝑒𝑎𝑡ℎ𝑠/𝑦𝑒𝑎𝑟  was suggested.  For 

example, a maximum of 100 people can be exposed to an individual risk of 10!!/

𝑦𝑒𝑎𝑟  or a fatal accident with a frequency of 3×10!! is considered acceptable if causing 3 

fatalities on average.  

 According to Smets (1991), risk constraints expressed in terms of frequency of 

events (e.g., fatal accidents per year), average size of events (e.g., number of deaths per 

event) or average costs of event (mathematical expectation of the number of deaths per 

year) do not adequately reflect the great concern which people usually express for 
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disasters such as the simultaneous death of a large number of people of f-site as a result 

of a major accident.  To overcome this drawback for Catastrophic or disaster risk, the 

social value of the collective risk should be weighted by a social aversion factor, which is 

a growing function of the number of deaths, 𝑥!.  In the Netherlands, public authorities 

chose 𝑛 = 1.  In France, studies by have shown the exponent could be close to 0.67.  In 

the United Kingdom, F.R. Farmer introduced an exponent 𝑛 equal to 0.5 for nuclear 

disasters.  

If the collective risk is made of a single component, accidents with 𝑥 deaths, and 

the social aversion factor for 𝑥 deaths is 𝑥!and if the collective risk weighted by 𝑥! has 

to be smaller than a constant 𝐶, then: 

𝑥!𝑥.𝐹! = 𝐶 (75) 

The maximum value of 𝐹! should be 𝐶 𝑥!!!.  In the F:N diagram, the criterion 

line starts from (ln 1, ln𝐶) and slopes down with a (𝑛 + 1) slope.  Figure 94 shows the 

relative importance of the various disaster constraints for various values of 𝑛.  The 

preferred option is 𝑛 = 0.67 

When the consequences have continuous distribution, the upper limit for disaster 

risk can be set by comparison with what would be acceptable in case of a ‘normal’ risk, 

i.e. a risk limit defined by: 𝑓 𝑥 = 1+ 𝑛 .𝐾 𝑥!!! for 𝑥 < 1000 and 𝑝 𝑥 = 0 for 

𝑥 > 1000. The maximum allowed frequency of fatal accidents is (Figure 95): 
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𝐹! = 𝐾
𝑥!!!   (76) 

The collective risk limit is defined by the following equation: 

𝐶𝑅 = 𝑥. 𝑓 𝑥   𝑑𝑥 =
𝐵
𝑛  𝑥!

!

!
   (77) 

and the disaster risk is defined by: 

𝑥!!!𝑓 𝑥   𝑑𝑥
!"""

!
=

1+ 𝑛 𝐾
𝑥   𝑑𝑥

!"""

!
 

      = 1+ 𝑛   𝐾 𝑙𝑛 1000− 1+ 𝑛   𝐾 𝑙𝑛 𝑥  

(78) 

Smets went on to propose the following disaster risk criterion: 

𝑥!!!𝑓 𝑥   𝑑𝑥 < 10!!𝑛
!"""

!
   (79) 

 

 

 

Figure 94: Relative importance of the disaster constraint for various values of 𝒏.  (Smets, 

1991) 
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Figure 95: Various risks as a function of the number of deaths. In this case, it is assumed that 

𝒇 𝒙 = 𝟐× 𝟏𝟎!𝟑 𝒙𝟑 (Smets, 1991) 

The advantage of the above criterion is that it is not based on crossing or not 

crossing a limit line in the F:N diagram. The disadvantage is that its economic or social 

rationality is not firmly established, i.e. what is the appropriate value of 𝑛, how strong is 

aversion to disasters? 

Another risk criterion is limiting the maximum risk that can be created in a 

country by an entire industrial sector. For example, a requirement could be that for 

French chemical industry, it does not cause accidents with 10 or more deaths more than 

once in 10 years and does not cause accidents with 100 or more fatalities more than once 

in 100 years. Such criterion corresponds to Pareto Index 1 for the accident distribution for 

industry (𝑓 𝑥 = 1 𝑥).  
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Slope Hazards in British Columbia (Morgan, 1992) 

Morgan (1992) explains that landslides are rarely occurring events and standard 

objective statistical methods do not apply to their prediction. He discusses the derivation 

and use of subjectively selected probabilities of occurrence, in which he summarized the 

occurrence of fatalities in Japan, the European Alps, and Canada as shown in Figure 96.  

Since Canada’s history is shorter and thus the number of recorded catastrophic 

events was fewer, Morgan suggested that the experience in Canada more closely 

resembles that of Central Europe than Japan.  The landslide experience in Central Europe 

(Alps) is based on 750 years of historic records (Schuster & Fleming, 1986).  The 

frequency of catastrophic landslide events in Japan based on 50 years of records is an 

order higher than that tolerated in Europe. Allowable probability levels for individual 

sites should be selected so that the cumulative effect of events at those sites would be 

compatible with the background model.  Since there are abundant opportunities across 

Canada for large landslides to occur, probabilities two to three orders lower than those 

established by the countrywide model are suggested as threshold values. 
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Figure 96: Probability and frequency of multiple deaths from various natural and man-made 

sources based on reported occurrences (Morgan, 1992) 

Rocard & Smets (1992) 

Rocard & Smets (1992) was a response to the French government’s Inspectorate 

of hazardous installations, which was trying to ensure that decisions concerning the use 

of land near very hazardous installations take full account of the existence of a major 

accident risk. 
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According to Rocard & Smets (1992), the analysis of accidents statistics in France 

suggested that an industrial accident causing 10 deaths occurs once or twice every 10 

years. They suggested use Pareto statistical distribution for extrapolation purposes.  On 

the basis of the Pareto distribution, the probability of occurrence of an accident causing 

100 or more deaths would be once every 100 years, and that of an accident causing 1000 

deaths would be once every 1000 years.   

According to the Pareto distribution, the number of accidents of a size greater 

than 𝑥 is an inverse function of 𝑥  for high values of 𝑥.  For example, if there are 100 

accidents involving 1 or more deaths, there will be 10 accidents with 10 or more deaths, 

and 1 accident with 100 or more deaths.  According to Rocard and Smets, the Pareto 

distribution is usually observed in the statistical description of major technological 

accidents such as mining, dam and transport accidents, and those involving chemical or 

petroleum plants. It also holds for fires and oil spills.  

Given that very serious accidents usually occur less frequently than the values 

extrapolated from the Pareto distribution, Rocard and Smets concluded that the 

probability of an accident causing 1000 deaths in France would be less than 5×10!!/

𝑦𝑒𝑎𝑟.  Considering that there were 300 installations in France in which an accident 

involving 1000 deaths could occur, this corresponds to a maximum probability of 

1.7×10!!/𝑦𝑒𝑎𝑟.  This probability was about the same as the estimated probability of a 

major nuclear accident in France (between 1  and  5×10!!/𝑦𝑒𝑎𝑟). 

The second approach was using the statistics available at the European level.  The 

probability of large accidents was estimated using the data from FACTS (Failure and 
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Accidents Technical Information System) data bank analyzed by the Organization for 

Economic Co-operation and Development (OECD) over the period 1974-1985.  There 

were 10 accidents each involving more than 11 deaths in hazardous installations.  On the 

basis of one accident involving 10 deaths or more per year in the 24 OECD countries, and 

of an accident distribution proportional to Gross National Product (GNP), France would 

have 0.7×10!!  accidents involving 10 or more fatalities per year.  Using Pareto 

distribution, the probability of accidents having 1000, or more fatalities would be 

7×10!!/𝑦𝑒𝑎𝑟.  

Another approach, was based on the observation of the largest industrial accident 

in Western Europe that occurred in Oppau, Germany and caused 561 deaths in 1921.  

Rocard & Smets (1992) assumed that the probability of such large accidents would 1/70 

per year considering the 70 years time interval between the time of the accident and the 

date their paper was published.  It was also assumed that accidents were distributed 

across countries in proportion to their GNP.  Therefore, the probability of occurrence in 

of an accident causing 500 deaths in France would be about 16 percent of 1/70, i.e. 

2.2×10!!/𝑦𝑒𝑎𝑟 and for and accident causing 1000 deaths would be 1.1×10!!/𝑦𝑒𝑎𝑟. 

In the fourth approach, it has been observed for that for the past 15 years there has 

been 7 accidents in hazardous installations in the world with 100 or more deaths.  

Assuming that the France’s GNP was 4.3 of world GNP, Rocard & Smets (1992) 

calculated the probability of occurrence of an accident causing 100 deaths or more as 

follows: 
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7
15×

4.3
100 = 20×10!! (80) 

Which was extrapolated to 2×10!!/𝑦𝑒𝑎𝑟 for an accident causing 1000 or more fatalities.  

The social or political cost of a disaster to society was defined as: 

𝑆𝑜𝑐𝑖𝑎𝑙  𝑐𝑜𝑠𝑡  𝑜𝑓  1  𝑑𝑒𝑎𝑡ℎ  ×  𝑑𝑖𝑠𝑎𝑠𝑡𝑒𝑟  𝑎𝑣𝑒𝑟𝑠𝑖𝑜𝑛  𝑓𝑎𝑐𝑡𝑜𝑟  . The social cost one death could 

be estimated as 𝐹𝐹  5  𝑚𝑖𝑙𝑙𝑖𝑜𝑛.  The disaster aversion factor is the factor by which the 

social cost of many deaths that occurs individually needs to be multiplied to calculate the 

social cost of multiple-fatality accidents.  As for disaster aversion, a factor of 300 was 

used for a disaster causing 1000 deaths compared to 1000, which is used in official 

practice in the Netherlands.  Thus, the social or political cost of an industrial disaster 

causing 1000 deaths would be FF  5  million×1000×300 ≈ FF  1500  billion.   

Parfitt (1992) 

Parfitt (1992) produced a series of F:N curves from the Office of US Foreign 

Disaster Assistance (OFDA) data.  The OFDA does not include US data, so the US data 

was obtained from the Natural Hazards Research and Applications Information Center, 

Institute of Behavioral Science, University of Colorado (NHRAIC).  The data is only for 

a limited time period of about 25 years (1964-1990), and as such, may not include some 

low frequency/ catastrophic consequence events for certain hazard types (Figure 97). 

In this data set the most frequent events (are aircraft disasters, with about 23 

events each year resulting in 10 or more fatalities. Flood disasters are the next most 

frequent with about 12 disasters each year resulting in 10 or more deaths. The frequency 

of earthquake disasters, which result in 10 or more fatalities, is similar to that of chemical 
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disasters, each at about 6 to 7 per year. The F:N curve for aircraft disasters is the steepest 

which means that they have the least potential for higher fatalities compared to the other 

events), with the maximum number of fatalities at about 600, at a frequency of 8×

10!!  per year. The natural hazard events have the greatest consequence potential 

(compared to the man-made hazards), with earthquakes having the greatest consequence 

potential with up to 800,000 fatalities at a frequency of about 4×10!! per year.  

Cyclones have resulted in up to 300,000 fatalities at a frequency of about 4×10!! per 

year.  Presumably most deaths were due to the associated flooding, such as in the 

Bangladesh disasters.  Floods have resulted in up to 30,000 fatalities at a frequency of 

about 4×10!!per year.  The overall conclusion from this data set is that natural disasters 

(worldwide) occur at a similar frequency to man-made. 

 

Figure 97: Frequency of accidents for selected categories causing fatalities (Parfitt, 1992) 
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Offshore Risk Criteria (Schofield, 1993) 

As a result of Cullen Report in 1990, looking at the Piper Alpha disaster, the 

Offshore Safety Division was established within HSE and in February, 1993 proposed a 

set of criteria the application of offshore facilities (Schofield, 1993).  Schofield divided 

the risk to offshore workers into Individual Risk (IR) and Group Risk (GR).  The 

individual was regarded as averagely representative of all personnel on an installation.  

Regarding individual risk criterion Schofield (1993) suggested a tolerable / intolerable 

threshold of 10-3 y-1 for the broad range of offshore installations as a whole, while for the 

case of new and more modern installations a tolerability benchmark of 10!!/  𝑦  was 

proposed.  Following HSE (1992)criteria for individual risk, it was suggested that a 

broadly acceptable level of 10-6 y-1 might be appropriate.  Between the tolerable and 

broadly acceptable levels lies the ALARP region. 

The GR was expressed through (i) an F:N plot in which F  is the frequency of N 

or more fatalities (Figure 98), and/ or (ii) differential data giving the frequency of 

numbers of fatalities in each of several specified ranges (Table 25). 

It was suggested that tolerable GR criteria be based upon the tolerable IR criterion 

together with the minimum aversion factor of 1.  Similarly, it was suggested that broadly 

acceptable GR criteria be based upon the broadly acceptable IRT criterion together with 

the maximum aversion factor (Chosen as 1.3). In appendix A of his paper, Schofield 

explains the relationship between IR, GR, POB, and the aversion factor: 

𝑓! = 𝐹! − 𝐹!!!,      𝑓𝑜𝑟  𝑁 = 1,2,… ,𝑃𝑂𝐵 − 1   (81) 
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Figure 98: F:N Criteria for People on Board=150 (Schofield, 1993) 

 

Table 25: Group Risk criteria for People on Board=150 (Schofield, 1993) 
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𝑓! = 𝐹! , 𝑓𝑜𝑟  𝑁 = 𝑃𝑂𝐵   (82) 

POB is the number of personnel on the installation at any time 𝐹!  is the frequency (per 

year) of N or more fatalities, and 𝑓! is the frequency (per year) of exactly N fatalities. 

Considering 𝐹! having the form:  

𝐹! =
𝐹!
𝑁!    (83) 

where 1 ≤ 𝛽 ≤ 1.3 is the aversion factor. 

So from the equations above, it can be concluded that: 

𝑓! = 𝐹!
(𝑁 + 1)! − 𝑁!

𝑁!(𝑁 + 1)!
   , 𝑓𝑜𝑟  𝑁 = 1,2,… ,𝑃𝑂𝐵 − 1   (84) 

𝑓! =
𝐹
𝑁! , 𝑓𝑜𝑟  𝑁 = 𝑃𝑂𝐵 

(85) 

If IR is the individual risk for a particular worker, assuming 2POB personnel each 

spending 50% of their time on the installation, then: 

1
2𝑃𝑂𝐵 𝑁. 𝑓! = 𝐼𝑅

!"#

!!!

   (86) 

𝐹 = 2𝑃𝑂𝐵. 𝐼𝑅. (
1

𝑃𝑂𝐵!!!
+

𝑁 + 1 ! − 𝑁!

𝑁! 𝑁 + 1 !   
!"#!!

!!!

)!! (87) 

 

As shown in Figure 98, for 𝑃𝑂𝐵 = 150,  𝐹! = 5.4×10!!  𝑦!!. 
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PHI, Hong Kong (1993) 

In 1981, the Hong Kong Government commissioned a major study investigating 

the risk from hazardous installations on Tsing Yi Island.  The study concluded that there 

was a need to oversee the risk management of such facilities with particular regard to 

land-use planning.  In Hong Kong those installations, which can give rise to major 

accidents, are singled out to impose special requirements on them.  Such installations are 

referred to as Potentially Hazardous Installations or PHI.  PHI in Hong Kong are 

involved mainly with the storage or use of large quantities of dangerous goods and 

include chlorine stores for water treatment works, gas production plants and gas holders, 

LPG/oil terminals, LPG stores, explosive depots and liquid oxygen store (EPD, 1994).  

By 1987 societal risk criteria based on ACMH and Kinchin curve were used to 

judge the tolerability of risk.  These criteria were formalized as part of the Interim Risk 

Guidelines in 1988 by a Government Committee (CCPHI).  As shown in Figure 99, the 

slope of the criterion line for societal risk is -1 between 1 and 1000 fatalities. It is 

understood that the slope -1 was based on a practical realization that the high population 

densities in Hong Kong force a less stringent criteria in this zone (Technica Ltd., 1989). 

Compared to the Dutch criteria, the Hong Kong Guidelines was not so severe in the range 

of 1 to 1000 fatalities, but the vertical line at 1000 fatalities was very severe. 

 The Societal Risk Guideline was revised in 1993. The Risk Guidelines and 

planning controls applicable to PHIs are published in chapter 11 of the Hong Kong 

Planning Standards and Guidelines. The acceptability of risks associated with PHI is 

evaluated against a set of Risk Guidelines which are expressed in terms of individual and 

societal risk. The individual risk should not exceed 1 in 100,000 per year for an 



 
193 

individual who lives or works at a particular place near to a PHI. The societal risk 

guideline of 1993 is expressed as an F:N curve shown in Figure 100. Following the UK’s 

lead, the Hong Kong Government commissioned two transport risk studies, which were 

finished in 1997.  These studies led to proposed transport risk criteria based on both the 

existing criteria for fixed installations and the number of installations involved (Floyd & 

Ball, 2000) 

 

Figure 99: Hong Kong Government acceptable societal risk levels (Technica Ltd., 1989) 
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Figure 100: Societal risk guidelines for PHI (Environmental Protection Department, 1994) 

Hungr, Sobkowics, & Morgan (1993) 

Hungr, Sobkowics, and Morgan (1993) developed a criterion specific to 

landslides from data on natural disasters in the European Alps.  The data was compiled 

from records collected originally by Eisbacher and Clague (1984) and covers several 

centuries of experience in a number of localities.  The premise of the derivation was that 

communities remained in exposed locations for long periods of time and thus tolerated 

the frequency of disasters given in the record.  The lower line shown in Figure 101 was 

obtained by reducing the accident data by the number of exposed localities.  It shows the 
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frequency of disaster tolerated by a typical exposed community.  The upper line was 

placed arbitrarily 1.5 orders of magnitude higher. 

 

Figure 101: Proposed societal risk criteria for landslide involving non-selected groups in a 

single community (Hungr et al., 1993) 

Later in 1996, Sobkowicz proposed the societal risk criteria developed for 

landslide risks based on the societal criteria developed by Hungr, Sobkowics, & Morgan 

(1993) at the Cheekeye Fan, British Columbia.  In Figure 102 and Figure 103, Sobkowicz 

divided the total data from the European Alps by 500, the estimated number of villages 

affected, to obtain the center curve in Figure 102. The lower curve shows the frequency 

of N deaths at a single site and is derived from the center curve. The lower curves in 

Figure 101 and Figure 103 are the same, but in Figure 101 it is the boundary between low 

and moderate risk while in Figure 103 it is the boundary between moderate and high risk. 

Fell and Hartford (1997) noted that it is the upper curve in Figure 103 should be used for 
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comparison with other F:N criteria since it considers the exceedance probability of event 

with N or more fatalities. The slope of the upper F:N criterion Figure 103 is a very flat 

negative slope compared to those proposed for hazardous industries and dams, which 

implies less aversion for events with larger number of fatalities. 

 

Figure 102: European data on frequency of death from landslides (Sobkowics, 1996) 

 

Figure 103: Proposed group risk acceptability criteria for landslides (Sobkowics, 1996) 
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BC Hydro, 1993 (Nielsen et al, 1994; Fell & Hartford, 1997) 

BC Hydro's individual risk criteria include an upper limit of 10!!   per annum for  

total risk to an identified individual from dam failure, with further reduction in terms of 

the ALARP principle.  This total risk is the sum of the risks due to all causes (flood, 

earthquake), reservoir rim instability, internal erosion, and operational vulnerability).  

For societal risk only an upper limit line for intolerable risk is defined in the F:N 

criteria, with risks above this line considered intolerable (Figure 104).  Risk levels falling 

below the line would be looked on as tolerable providing that the ALARP principle is 

demonstrated.  There is no lower limit line for acceptability. Figure 104 and Figure 105 

compare the BC Hydro societal risk criterion with other risk criteria.  

 

Figure 104: Proposed B.C. Hydro criteria(Adapted from Nielsen et al., 1994) 
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Figure 105: Proposed B.C. Hydro individual and societal risk criteria, and comparison with 

other risk criteria (Fell & Hartford, 1997) 

Regarding financial losses, 10!! appears to be an appropriate first estimate upper 

limit for annual exceedance probability of financial losses that would have a significant 

impact on B.C. Hydro's financial strength.  Similarly, 10!! is gradually becoming 

accepted as the 'de minimis' or negligible annual exceedance probability for events with 

adverse consequences. Since a loss in excess of $10 billion would threaten the financial 

position of the corporation, the annual probability of incurring such a loss should be less 

than 10!!.  Interpolating between these values yields an annual risk cost of $10 000 per 

annum for dams whose consequences of failure exceed $100 million as shown in Figure 

106 (Nielsen, Hartford, & MacDonald, 1994). 
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Although in developing these criteria, no attempt was made to assign a dollar 

value to life.  And society as a whole is not inclined to quantify life in dollar terms, as 

shown in Figure 106.  BC Hydro F:N criteria address "Economic Losses", with a $10 

million(US) loss appearing to be considered as equivalent to 1 fatality (Fell & Hartford, 

1997). 

 

Figure 106: Proposed B.C. Hydro corporate financial risk criteria (Nielsen et al, 1994) 

ANCOLD (1994) 

 In 1987 ANCOLD (Australian National Committee on Large Dams) appointed a 

working group to prepare guidelines on risk assessment. Those guidelines were published 

in 1994. ANCOLD (1994) specified two levels of risk for both individual and societal 
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risk. The larger risk level was called the Limit and he smaller risk level was called the 

Objective. Risks larger than the Limit are nearly always unacceptable, those lower than 

he Objective are always acceptable and those in between are to be as low as reasonably 

practicable. Both the individual risk and the societal risk were to be satisfied. 

ANCOLD (1994) was of the view that the following individual risk criteria (the 

Objective values) were the maximum to be accepted for proposed dams r upgrading of 

existing dams in Australia: 

• 10!! per exposed person per annum as an average over the population at risk 

• 10!! per person per annum for the person at greatest risk 

Limit values up to 10 times these Objective values were tolerable for existing 

dams subject to application of the ALARP principle. The acceptable risks for workers on 

or below the dam would be 100 times those for members of the public. However the 

health and safety of the workers would be covered by statute. 

As for societal risk, ANCOLD adopted the societal risk criteria proposed by 

Higson (1990), shown in Figure 107, because it set risk levels that were seen as broadly 

acceptable, though perhaps a little conservative, for dams and because of the careful, well 

reasoned manner in which Higson had developed it (McDonald, 1995). Based on the 

Interim ANCOLD Societal Risk Criteria, dam owners should ensure that new dams, and 

dams being upgraded, satisfy the societal risk criterion given by the ‘Objective’ curve of 

Figure 107 and make sure that existing dams satisfy the societal risk criterion given by 

the ‘Limit’ curve of Figure 107 while carefully considering the ALARP principle. 
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Figure 107: Interim ANCOLD Societal Risk Criteria (ANCOLD, 1994) 

 ANCOLD noted three reasons for thinking that Higson’s curve would be slightly 

over-conservative for dams, as follows: 

 Nuclear accidents may involve either or both of prompt and delayed fatalities. 1.

There is no such potential for dams. 
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 It was developed for the nuclear power industry and according to the factors 2.

advanced by Slovic (1987) the dread factor for dams should be lower than for 

nuclear power and higher risk should be acceptable for dams. 

 Nuclear reactors can produce a wide range of accident events with varying levels 3.

of fatalities. It is expected that the F:N curve for a nuclear plant would more or 

less parallel Higson’s criterion curve as shown in Figure 88. By contrast – for 

example, for flood caused failure- a dam will have zero incremental fatality 

potential up to the imminent failure flood and then a more or less constant fatality 

potential for rarer floods. Thus the F:N curve for a dam tends to a rectangular 

shape (Figure 108). Since expected loss of life is proportional to the area bounded 

by the F:N curve and the two axes, the annual expected loss of life for the dam is 

less than for the nuclear reactor. To achieve equivalence in expected fatalities the 

dam criterion curve would need to be shifted in the direction of higher risk until 

the expected loss of life from dam failure equals the tat from notional reactor. 

However such an adjustment would require more considerable effort. 

Nevertheless, ANCOLD adopted the Higson’s curves as interim societal risk 

criterion curves for selection of design levels for dams. 
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Figure 108: Comparison of F:N curves for dams and nuclear reactors (ANCOLD, 1994) 

According to Fell & Hartford (1997) the criterion was later revised to those 

presented on Figure 109. These are less conservative than the original societal risk 

criteria established by ANCOLD (1994) which had adopted a higher aversion factor for 

high fatalities, with the slope being greater than -1 at the high fatality end since the F:N 

acceptability lines, drawn on the log-log scale, were curved. The revised F:N 

acceptability criteria exhibits a constant slope of -1, although it can be seen that the 

"unacceptable" limit is truncated horizontally at 10!! per annum. This is in recognition 
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of ANCOLD's view that it is unrealistic to design a dam with a failure probability lower 

than 10!! per annum. This is an unusual feature for F:N acceptability criteria, and tends 

to imply that it is no more unacceptable to kill 10,000 or more persons than 100 or more 

persons.  

 

Figure 109: Revised F:N criteria for ANCOLD after 1994 (Fell & Hartford, 1997) 

LPG Transport in Hong Kong (1995) 

With the recognition of the relative importance of DG (dangerous goods) 

transport risks, and knowing the special features of Hong Kong (high density population, 

narrow streets, etc.), the Government decided to undertake the first step of the risk 
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management process for DG transport, i.e. to examine the risks to identify appropriate 

control measures and actions that might be necessary. LPG was the first DG to be 

studied. DNV Technica was commissioned to carry out the study. The project’s scope 

was to study the present (1995) and future  (2006) cases for LPG road and marine 

transport within the land and sea boundaries of Hong Kong. The study developed Risk 

Guidelines called proposed interim criteria against which to judge the acceptability of the 

risks. For individual risk, the fatality risk level of 10-5 per year was the proposed criteria 

for the limit of acceptability. The societal risk criteria were developed based on the PHI 

criteria and the number of sites to which LPG was delivered (Boult, 2000). Figure 110 

presents the criteria used. 

Switzerland (Pikkar & Seaman, 1995) 

The Federal and Kanton (state) criteria in Switzerland address only the societal 

risk. There is no mention of individual risk criteria in the published documents. The 

Federal guidelines give a maximum and minimum societal risk criterion consisting of two 

lines with a slope of -2 on a log-log plot of Annual Frequency against Number of 

Fatalities, with vertical extension of the lines at both ends as indicated in Fig. 89. Pikkar 

& Seaman (1995) have interpreted the vertical extension of these lines as follows: 

• Accidents below a certain size do not fall within the intent of the relevant law 

concerned with Major Accidents; 

• Accidents producing more than a certain consequence (i.e. approximately 200 deaths) 

will never be acceptable.  
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Figure 110: Proposed interim risk criteria for LPG transport in Hong Kong (Boult, 2000) 

The guideline criterion of Kanton Basel Landschaft authorized in 1993 is shown 

in the upper part of Figure 111. The quantitative positioning of the consequence along the 

N axis is an interpretation of the explanatory notes of the matrix. For proposed 

installations that impose risk levels that remain intolerable after all risk reduction 

possibilities have been exhausted, decisions have to be made at a political level. 

According to Pikaar & Seaman the Swiss situation (nationally) is still not decided upon 
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with many parties still having to decide how they will proceed and what type of criteria to 

adopt i.e. whether to adopt guidelines or to impose firm limit to the risk levels 

 

 

Figure 111: Federal suggested guidelines of the maximum and minimum societal risk criterion 

(Pikkar & Seaman, 1995) 
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  Chapter 3: Societal Risk (1995- Present) 

Victoria (1995) 

The interim societal risk proposed in Victoria (1995) on F:N scale adopts the 

anchor point (𝟏𝟎,𝟏𝟎!𝟒)  from the UK Advisory Committee on Major Hazards (1976) 

report, but uses the Dutch slope of -2 (Center for Chemical Process Safety, 2009).  As 

shown in Figure 112, the criterion for broadly acceptable risk is two orders of magnitude 

lower. 

 

Figure 112: Victoria societal risk criteria (Victoria, 1995) 

Vrijling, van Hengel, & Houben (1995) 

Vrijling, van Hengel, & Houben (1995) argues that the societal risk criterion as 

presented by the Dutch Ministry of Housing, Land Use Planning and Environment 

(VROM) is directed at the plant level and neglects the total risk on a national scale.  If a 

risk criterion is defined on a local level as by VROM, the height of the national risk will 

then increases enormously as the number of risk imposing facilities increases.  
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To define a socially acceptable level of risk, Vrijling, van Hengel, & Houben 

(1995) proposed to start with a risk criterion on a national level and to derive the local 

risk criterion taking due account of the estimated future number of independent places 

where the activity will take place.  Such acceptable local risk level should be evaluated 

regularly in view of the actual number of installations, safety measures, and cost/benefit 

analysis.  Based on Vrijling’s proposed societal risk criteria, an activity is permissible in 

Netherlands with the population of roughly 14×  10! as long as it is expected to cause 

fewer than 𝛽!   ×100 deaths per year (𝛽!   ×  7  ×  10  !!×  𝑛𝑎𝑡𝑖𝑜𝑛𝑎𝑙  𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛  𝑠𝑖𝑧𝑒).   𝛽! is 

called the policy factor and varies with the degree of voluntariness with which activity i 

is undertaken.  Its benefits range from 10 in the case of complete freedom of choice to 

0.01 in case of imposed risks without any direct benefit.  In deriving these criteria, it was 

assumed that the imposed risk is due to some 20 categories of activities, each claiming an 

equal number of lives per year.  

Vrijling, van Hengel, & Houben (1995) noted that decisions that are based on the 

expected value of negative consequences are risk neutral.   Relatively frequent small 

accidents are more easily accepted than one single rare accident with large consequences, 

even if the expected number of casualties is equal for both cases.  The standard deviation 

of the number of fatalities will reflect this difference.  Hence, it was suggested that the 

risk aversion be represented mathematically by adding a confidence requirement to the 

expectation before testing against 𝛽!×  100.  For this purpose, the mathematical 

expectation of the total number of deaths due to the risk of activity i , 𝐸(𝑁!) , is increased 

by a risk aversion index, k, of the standard deviation, and then tested against 𝛽×  100. 
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Hence, according to Vrijling et al. (1995), the societal risk should be judged on a national 

level by limiting the total number of casualties in a given year in the following way: 

𝐸 𝑁! + 𝑘𝜎 𝑁! < 𝛽!×100   (88) 

Vrijling, van Hengel, & Houben (1995) discussed that to determine mathematical 

expectation and the standard deviation of the total number of deaths the number of 

independent places, 𝑁!, where the activity under consideration is carried out, should be 

taken into account.  The number of such independent places does not influence the 

expectation of the number of fatalities but the standard deviation changes as 𝑁! changes.   

In order to translate the nationally acceptable level of risk to a risk criterion 

(VROM-rule type) for one single installation, Vrijling, van Hengel, & Houben (1995) 

assumed that on a local level the societal risk criterion is of the type proposed by VROM: 

1− 𝐹!!" 𝑥 <
𝐶!
𝑥!   𝑓𝑜𝑟  𝑎𝑙𝑙  𝑁 ≥ 10   (89) 

where 𝑁!"   is the resulting number of deaths from activity i and 𝐹!!"(𝑥) is the 

CDF  of the number of deaths in location i. Based on the probability distribution function 

assumed for the number of casualties in location A caused by the accident resulted from 

undertaking activity i, the value C can be calculated. Assuming a Bernoulli distribution of 

the number of casualties for a single location (𝑁,𝑝): 

𝐸 𝑁!"# ≤
𝐶!
𝑁 ,𝜎(𝑁!"#) ≤ 𝐶!    (90) 
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where 𝑁!"#  is the resulting number of deaths from activity i  in location j. The value for Ci 

is given by: 

𝐶! =

−𝑘 𝑁!! + 𝑘!𝑁!! +
4𝑁!!
𝑁𝛽!

. 100

(2𝑁!! 𝑁)

!

   (91) 

Where 𝑁!! is the number of installations for activity 𝑖 nationwide. If the expected 

value of the number of deaths is much smaller than its standard deviation, which is often 

true for calamities, the previous result reduces to: 

𝐶! =
𝛽!.100
𝑘 𝑁!!

!

   (92) 

The result for the exponential distribution assumption is the same as above.  The 

criteria proposed in VROM (1988) is a special case of the general framework for 

acceptable risk proposed in Vrijling, van Hengel, and Houben (1995) with 𝐶! =

10!!,𝑁! =   1000 and 𝑘 = 3.  It follows that 𝛽! =   0.03 which is reasonable for 

involuntary risks. 

To test the proposed framework regarding group (societal) risk criterion on 

practical situations, the framework was applied to a number of activities.  As shown 

Figure 113, Vrijling, van Hengel, and Houben (1995) compared the F:N  curve for 

Schiphol international airport with the VROM- criterion and their proposed criterion.  For 

the proposed criterion 𝐶! was adapted to 11 and 𝛽! was assumed to be 0.1.  The same 
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analysis was revisited later in Vrijling, van Hengel, & Houben (1998) and Vrijling, van 

Gelder, Goossens, Voortman, & Pandey (2004).  

 

Figure 113: F:N curve for Schiphol, in relation to the VROM-criterion, and the new proposed 

criterion  (Vrijling et al., 1995) 

In another case study, Vrijling & van Gelder, (1997), Vrijling, van Hengel, & 

Houben (1998) and Vrijling, van Gelder, Goossens, Voortman, & Pandey (2004) 

examined the F:N curve for flooding of the Brielse dike ring near Rotterdam in Holland.  

As shown in Figure 114, there are five equally likely scenarios with death counts varying 

from 15 to 5000 people. For 𝛽 =   1.0 and 0.1 depending on the aversion of the 

inhabitants against flooding, 𝐶!  is equal to 27.8 and 0.278 respectively. The calculated 

F:N curves for the waterway passages of  cities and villages appeared to exceed the 

VROM-norm by far. Arguing that the VROM-norm was developed for point sources 

such as industrial facilities and not for line sources such as water, road, and rail 

transportation, the Dutch Ministry of Transport arbitrarily applied the norm to every 

single kilometer of waterway. Vrijling, van Hengel, & Houben (1998) and Vrijling, van 

Gelder, Goossens, Voortman, & Pandey (2004) proposed another approach that defines 
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the city or village as the entity that needs protection and calculates the FN-curve per 

settlement. In Figure 115 the F:N curves for the transport of dangerous substances over 

the Western Scheldt are shown.   

 

Figure 114: F:N curve for flooding of the Brielse polder (Vrijling & van Gelder, 1997)  

 

Figure 115:The F:N curves for the transport of dangerous substances over the Western 

Scheldt (Vrijling et al., 1998; Vrijling et al., 2004) 



 
214 

Risk Integral (Carter, 1995; Cassidy, 1996)  

Carter (1995) noted that the Major Hazards Assessment Unit (MHAU) had 

developed a simple numerical method called the Scaled Risk Integral (SRI) to interpret 

the information regarding societal risk represented by F:N curves in a practical way for 

land use planning purposes.  

Risk Integral (RI): 

The Risk Integral (RI) is defined as follows: 

𝑅𝐼 = 𝑁  𝐹!  𝑑𝑁
!

!
   (93) 

where 𝐹! is the cumulative frequency of N or more persons exposed. The Risk 

Integral (RI) differs from the more common Expected Value (EV) in that for each number 

of persons considered, (N), the cumulative frequency, 𝐹!, is summed rather than the 

simple frequency, 𝑓!. For both cases if the frequencies were multiplied by a factor, for 

example 10, the result would also be multiplied by the same factor, 10 in this example. 

However, if the number of persons were multiplied by a factor, for example 10, the EV 

would be multiplied by the same factor, 10 in this example, but the RI would increase 

much more. Carter (1995) concluded that the Risk Integral can be considered to have an 

appropriate allowance for ‘aversion’ to increasing numbers of fatalities. RI can be 

interpreted as the area beneath the plot of 𝐹!×𝑁 against N.  

Approximated Risk Integral (ARI): 

Carter explains that when the slope of the F:N curve is -1 as shown in Figure 

116a, the corresponding plot of 𝑁×𝐹!   𝑁 becomes a horizontal straight line.  In such 
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case the Risk Integral (RI) is approximated by the product of the cumulative frequency of 

all events,𝐹!"#, an the maximum number of fatalities, 𝑁!"# (noting that RI is the area 

beneath the plot of 𝐹!×𝑁 against N): 

𝑅𝐼 ≈ 𝐹!"# .𝑁!!"	   (94) 

This product is called Approximate Risk Integral. ARI was called Appropriate 

Risk Integral in a 1996 conference paper by Cassidy. 

 

Figure 116: (a) FN-curve with slope -1, (b) Corresponding 𝑵×𝑭(𝑵)/𝑵 plot ((Carter, 1995) 

Scaled Risk Integral (SRI) 

Carter denoted that the area of the development is also an important factor 

because it determines the density or intensity of the exposed population. The larger the 

area of the development, the less likely it is for all persons at the development to be 

affected at one time or to the same degree. If the risk at a development site is 
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approximated by the individual risk at the center of population, the Scaled Risk Integral 

(SRI) is defined as the risk integral divided by the area of the site as follows: 

𝑆𝑅𝐼 =
𝑃×𝑅×𝑇

𝐴    (95) 

where P is the population factor calculated by the formula: 

𝑃 =
(𝑁 + 𝑁!)

2    (96) 

            𝑁 is the number of persons at the development, 𝑅 is the average estimated level of 

individual risk in chances per million per annum (cpm), 𝑇 is the proportion of time the 

development is occupied by N persons, and   𝐴 is the area of the development in hectare. 

For particular categories of population that differ substantially from the average, 

the value of the number of persons in the development, N, is adjusted by an appropriate 

factor. For a working population 0.25 and for a sensitive population 4 are suggested. As 

for the occupation factor, T, HSE assumes the factors listed in Table 26, unless there are 

strong contrary reasons. 

Table 26: Occupation factors suggested by HSE ((Carter, 1995) 

 



 
217 

Carter (1995) noted that should the area of land to be occupied by 30 houses at 1 

cpm be 1.2 hectares then the SRI would be 2,375 which is considered to be a limiting 

case and the value for SRI (rounded up) of 2,500 is called the lower comparison value. 

For more intensive development (for example 30 dwellings on a 0.75 Ha site),an upper 

comparison value of 4,000 may be applied.  

Potential Loss of Life (Ale, Laheij, & de Haag 1996; Laheij, Post, & Ale, 2000) 

Potential Loss of Life (PLL), is defined as the expectation –value of the number of 

deaths per year and the level of exceedance of the societal risk limit ( Ale, Laheij, & de 

Haag, 1996).  The 𝑃𝐿𝐿  can be calculated both from the individual risk and from the 

societal risk.  The expectation-value of the 𝑃𝐿𝐿 calculated from the individual risk, PLLI, 

is derived as follows: 

𝑃𝐿𝐿𝐼 = 𝐼 𝑥,𝑦   𝑚 𝑥,𝑦   𝑚 𝑟   𝑑𝑟 (97) 

Where 𝐼(𝑥,𝑦)the spatially distributed individual is risk and 𝑚(𝑥,𝑦) is the 

spatially distributed population density.  If the risk contours are circular and the 

population density depends on the distance to the risk center only, then 𝑃𝐿𝐿𝐼 is calculated 

as follows: 

𝑃𝐿𝐿𝐼 = 2𝜋 𝑟  𝐼 𝑟   𝑚 𝑟   𝑑𝑟                                                         (98) 

The expectation of 𝑃𝐿𝐿 calculated from the societal risk is called PLLF and is 

obtained from the following equations: 
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𝑓! = 𝐹! − 𝐹!!! (99) 

𝑃𝐿𝐿𝐹 = 𝑁×  𝑓!

∞

!!!

= 𝑁× 𝐹! − 𝐹!!! = 𝐹!

∞

!!!

∞

!!!

 (100) 

Where 𝑓! is the frequency of having exactly N  victims and 𝐹! is the frequency of 

accidents with at least N victims. Ale et al noted that the results for 𝑃𝐿𝐿𝐼 and 𝑃𝐿𝐿𝐹 are 

not necessarily equal since in the Netherlands the individual risk is calculated for an 

unprotected individual whereas the societal risk is calculated taking protection into 

account. 

Ale, Laheij, and de Haag (1996) suggested correlating 𝑃𝐿𝐿 with the maximum 

excess of the societal risk criterion defined as: 

𝐸!"# = 𝑚𝑎𝑥  (
𝐹!
𝐹!"#

) (101) 

Where 𝐹!"#is the societal risk limit as the limiting frequency for the occurrence of 

an event with N or more deaths  for Netherlands defined as: 

𝐹!"# =
10!!

𝑁!  (102) 

According to Ale, Laheij, and de Haag (1996), under the Major Hazards Decree in 

the Netherlands, major hazard sites are required to submit an external safety report 

comprising a quantitative risk analysis. These results have to be presented as individual 

risk contours and as 𝑓:𝑁  curves.  The PLLF was calculated from such reports for 35 
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major hazard sites in the Netherlands and the 𝐸!"# − 𝑃𝐿𝐿𝐹 was constructed as shown in 

Figure 117. It can be seen from Figure 117 that the relationship between PLLF and 𝐸!"! 

approximately follow a straight line through 𝐸!"# = 1  and 𝑃𝐿𝐿𝐹 = 10!!.  The authors 

chose a conservative value for the limiting PLL as 𝑃𝐿𝐿!"# = 10!!.  With the limiting 

value for 𝑃𝐿𝐿, 𝑃𝐿𝐿!"#, a zoning distance can be calculated using information readily 

available regarding quantitative risk analysis of the major hazard sites to calculate 𝑃𝐿𝐿𝐹 

or 𝑃𝐿𝐿𝐼  and have 𝑃𝐿𝐿 ≤   𝑃𝐿𝐿!"#. 

Using the Dutch SEVESO establishments database, updated in 1997 and 1998, 

(Laheij et al., 2000) showed that the earlier derived limiting value of 10!!  based on 1994 

data could still be concluded to be valid for 1997 and 1998 data.  With an aversion factor 

of 1.5, only two of the 125 Dutch SEVESO establishments would exceed the societal risk 

limit. And a conservative value for the limiting 𝑃𝐿𝐿 would be 5 = 10!!. With the 

aversion factor of 2.5, more than 20 establishments would exceed the societal limit and a 

conservative value for the limiting 𝑃𝐿𝐿 could be deduced to be 5 = 10!!. 

Swiss Agency for the Environment, Forests, and Landscape (SAEFL, 1996) 

The Swiss societal risk criteria are shown in Figure 118. The criteria have been 

established for a variety of consequences in addition to fatalities.  The region of the F:N 

diagram to the left of a disaster value of 0.3 with fatalities up to 10 is called  region of no 

serious damage. The three regions defined by the two F:N lines are the unacceptable, 

transition, and acceptable risk regions (Center for Chemical Process Safety, 2009).  The 

application of the criteria is as follows (Gmunder, 2002): 
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Figure 117: Maximum excess of societal risk as a function of Potential Loss of Life for major 

hazard sites in the Netherlands (Ale et al., 1996) 

1. If the societal risk curve enters the unacceptable region, the risk should be 

reduced; otherwise, operation restrictions are imposed by the enforcement 

authority. 

2. In the transition region, the enforcement authority can define the tolerable level of 

residual risk according to the needs of the facility and the public. The risk should 

be reduced to such levels. 
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In the acceptable region, the facility is still expected to take all appropriate 

measures to further reduce risk.  Low levels of risk do not relieve the responsibility to 

seek further reasonable risk restrictions. 

 

Figure 118: Swiss societal risk criteria (Swiss Agency for the Environment, Forests, and 

Landscape (SAEFL), 1996) 
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Evans and Verlander (1997) 

 Evans and Verlander (1997) explained that individual risk tolerability criteria are 

not sufficient in their own and it is usual practice to use either or both of cost-benefit 

analysis (CBA) and societal risk criteria alongside individual risk criteria.  CBA is 

routinely used in the appraisal of small-scale accidents that do not usually have wide 

repercussions such as road accidents and the societal risk criteria such as F:N criteria are 

commonly used in the appraisal of major hazards.  As an example of F:N criterion, the 

modeled risks of accidents with two or more fatalities in the Channel Tunnel is shown in 

Figure 119 which was taken from (Eurotunnel, 1994). 

 

Figure 119: FN-curve and criterion lines: Channel Tunnel (A. W Evans & Verlander, 1997) 

Evans and Verlander (1997) argue that the criteria based on the frequencies of 

multiple-fatality accidents, F:N curves, are not satisfactory and the criteria based on the 

expected utility of multiple-fatality accidents are to be preferred. 
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Tolerability Implied by F:N Criterion 

If the equation of the F:N curve whose tolerability is to be judged is 𝐹! and the 

equation of the intolerable criterion line is 𝐹!"# , the system represented by 𝐹! is judged 

tolerable if and only if: 

𝑙𝑜𝑔 𝐹! − 𝑙𝑜𝑔 𝐹!"# ≤ 0    𝑓𝑜𝑟  𝑎𝑙𝑙  𝑁 = 1,2,…   (103) 

This holds if and only if 

𝑚𝑎𝑥
!

𝑙𝑜𝑔 𝐹! − 𝑙𝑜𝑔 𝐹!"# ≤ 0       (104) 

Given the criterion function 𝐹!"# , the intolerability measure, 𝜗 , is a number 

associated with any system whose tolerability is to be assessed and is calculated from the 

system’s F:N curve as follows: 

𝜗 = 𝑚𝑎𝑥
!

𝐹!
𝐹!"#

     (105) 

The system is just tolerable if and only if 𝜗 = 1. The larger the value of 𝜗 for a 

system, the more intolerable it is. In the case where the criterion function is a straight line 

with a slope of −𝛽 in double-logarithmic scales,  

𝑙𝑜𝑔 𝐹!"# = 𝑙𝑜𝑔𝐾 − 𝛽 𝑙𝑜𝑔𝑁   (106) 

𝐹!"# =
𝐾
𝑁! (107) 
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and 

𝜗 = 𝑚𝑎𝑥
!

𝐹! .𝑁!

𝐾    (108) 

Expected Disutility Criteria: 

A suitable formulation of the accident process is to suppose that fatal accidents 

occur as a Poisson process with mean frequency 𝑓 per unit time, and once a fatal accident 

has occurred, the probability that there are exactly N fatalities is 𝑝(𝑁) for 

𝑁 = 1, 2,… ,𝑁!"#. The mean frequency of accidents with exactly N fatalities 𝑓! is 

then  𝑓×𝑝(𝑁). The disutility of an accident of uncertain size, 𝑢!, is given by the 

following expression: 

𝑢! = 𝑢 𝑁 .𝑝(𝑁)
!

   (109) 

Since more than one accident can take place in a given time period, the disutility 

of 𝑘 accidents in a given period is simply assumed to be  𝑘𝑢!.  The disutility for a period 

of t is then: 

𝑘𝑢!𝑝! = 𝑢!
!

𝑘𝑝! = 𝑓𝑡𝑢!
!

   (110) 

where 𝑝! is the probability of exactly k events in a Poisson distribution with mean 𝑓𝑡. 

The disutility per unit time is: 

𝑢 = 𝑓 𝑢 𝑁 𝑝 𝑁 = 𝑢 𝑁 𝑓!
!!

   (111) 
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and if it is assumed that 𝑢 𝑁 = 𝑁! with 𝛽   ≥   1,  𝑢 takes the form: 

𝑢 = 𝑁!𝑓(𝑁)
!

   (112) 

The parameter 𝛽 is called the degree of aversion to high-consequence accidents. 

For judgment concerning the tolerability of risks, 𝑢 is compared with some threshold, 

𝑢!"#. If 𝑢!"# < 𝑢 the risks are declared intolerable and if  𝑢 ≤ 𝑢!"#, the risks are tolerable. 

Unreasonable and Inconsistence Conclusions from Criterion FN-Lines 

 Evans & Verlander (1997) considered three different distributions of accident 

frequencies and numbers of fatalities that are judged to be equally tolerable on the basis a 

criterion F:N-line. The first system to be considered was a step-function F:N-curve that 

just touched the criterion line. In such system all accidents have the same consequence. 

Curve 1 in Figure 120 illustrates the particular step FN-curve in which all accidents have 

ten fatalities and occur with a mean frequency of 0.1 per unit time. 

The mean number of fatalities per unit time in this system is 1. The second system 

was the one whose F:N curve actually coincides with the criterion line. Such system has 

the highest mean number of fatalities per unit time. Curve 2 in Figure 120 illustrates an 

example of a F:N curve with the maximum mean number of fatalities. The equation of 

curve 2 is given by: 

𝑙𝑜𝑔 𝐹! = 𝑙𝑜𝑔 1− 𝑙𝑜𝑔𝑁 ,      𝑁 ≥ 1   (113) 

Therefore 𝐹! = 1/𝑁 and 
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𝑓! = 𝐹! − 𝐹!!! =
1
𝑁 −   

1
𝑁 + 1 =

1
𝑁(𝑁 + 1)   (114) 

The mean number of fatalities per unit time, m, is given by 

𝑚 = 𝑁𝑓!
!!!

=
1

𝑁 + 1
!!!

= −1+
1
𝑁

!!!

   (115) 

The following approximation is considered:  

1
𝑁

!!"#

!

≈ 𝑙𝑛 𝑁!"# + 0.577   (116) 

It is concluded that: 

𝑚 = (
1

𝑁 + 1

!!"#!!

!!!

)+ 1 =
1
𝑁

!!"#

!!!

≈ 𝑙𝑛 𝑁!"# + 0.577   (117) 

If 𝑁!"# is 1000, we’ll have  ln 𝑁!"# = 6.908which results in 𝑚 ≈ 7.485. 

Therefore the highest mean number of fatalities is about 7.5 with the precise number 

depending on how large I the maximum possible number of fatalities in a single accident. 

Curve 3 in Figure 120 is an example of an accident whose number of fatalities has a 

geometric Distribution with mean number of fatalities per unit time  somewhere in 

between the minimum, 1, and the maximum, 7.5. If an accident has s Geometric 

Distribution, then: 

𝑓! = 𝑓.𝑝 𝑁 = 𝑓 1− 𝑞 𝑞!!!                    𝑓𝑜𝑟  𝑁 ≥ 1   (118) 

which results in 
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𝐹! = 𝑓! = 𝑓𝑞𝑞!!!
!

!!!

   (119) 

It can be concluded that 

𝑚 = 𝑁𝑓! =
𝑓

1− 𝑞   (120) 

From curve 3 in Figure 120, it is clear that the parameter values for this particular 

member of the Geometric family are 𝑞 = 0.905 and 𝑓 = 0.246, from which the mean 

number of fatalities per unit time, m, is 2.58. 

 

Figure 120: 𝑭:𝑵 curve for three equi-tolerable systems: (1) step-function accident, (2) accident 

with 𝑭:𝑵 curve 𝑭:𝑵 criterion, and (3) accident with geometric 𝑭:𝑵 curve (Evans & 

Verlander, 1997) 

The three different distributions of accident frequencies and numbers of fatalities 

that are judged to be equally tolerable on the basis of a criterion F:N line have the mean 
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numbers of fatalities per unit of 1, 2.6, and 7.5 which indicates that, although they are 

judged to be equally tolerable on the F:N criterion, they are judged to be very different on 

the disutility criterion.  It was concluded that the F:N criterion method gives 

unreasonable results since it does not make use of all relevant information 

Evans and Verlander (1997) also proved that the F:N criterion method is 

incoherent and gives inconsistent judgments about tolerability of risk whereas the 

expected utility criterion always gives consistent tolerability judgments.  By consistency, 

the authors meant when two engineering systems are combined into a single system 

without any changes in the risks and both systems are judged tolerable separately, then 

the combined system should also be judged tolerable and if both systems are judged 

intolerable separately, the combined system should also be judges intolerable.  

 Evans and Verlander (1997) concluded that the rule of minimizing disutility of 

accidents is preferable to the F:N-criterion approach since the F:N criterion method gives 

unreasonable and incoherent results.  Later, Evans listed his objections to the use of F:N 

criteria (Evans, 2003) as follows: 

1. F:N criterion lines were conceived as an analogy to individual risk tolerability 

criteria. The justification for individual risk criteria is essentially equity: it is unfair to 

impose too high risks on particular individuals, whatever the benefits may be. 

However, there is no corresponding equity argument for accidents as distinct from 

individuals, and therefore the analogy is false. 
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2. Even if limits to the tolerable frequencies of accidents of different sizes were 

desirable they would need to be based on clear and preferably empirically derived 

criteria. There are at present no such criteria. 

3. Even if such criteria could be derived, FN-criterion lines are a technically incorrect 

method of implementing them. This is because they do not meet the requirements for 

consistency in decision-making under uncertainty. … F:N-curves represent the 

probability distribution of fatalities in accidents, so that judgments about the 

tolerability of F:N curves are judgments about probability distributions. The literature 

on decision-making under uncertainty (for example, Lindley 1985) shows that in 

order to achieve consistency, the form of the criterion quantity for such decisions 

must be the (statistically) expected value of some function, say 𝑔 𝑁   of the uncertain 

variable, in this case the number of fatalities N. In other words, the function used to 

judge tolerability must be of the form 𝐹(1) 𝑔 𝑁 𝑝(𝑁). The choice of 𝑔 𝑁   is 

entirely for the decision maker. For example, if 𝑔 𝑁   were set equal simply to N, the 

criterion quantity would be 𝐹(1) 𝑁𝑝 𝑁   which is the (statistically) expected 

number of fatalities per year. Such a criterion would be ‘accident size neutral’, 

because it would make no difference whether a given expected number of fatalities 

per year arose from a high frequency of small accidents or a lower frequency of larger 

accidents. On the other hand, if the decision maker wished to give relatively more 

weight to fatalities in large accidents, 𝑔 𝑁 could be set to some function such as  𝑁!, 

where x is a power greater than 1. Some people appear to believe that F:N-criterion 

lines with a slope of –x (with logarithmic scales) are simply a graphical means of 

representing the expected value criterion above, and that F:N-criterion lines with a 
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slope of –1 represent the ‘accident size neutral’ criterion. This belief is incorrect, 

except in extremely restricted circumstances. Nevertheless, this appears to be why 

many criterion lines were chosen to have a slope of –1. (p. 4-5) 

Bohnenblust and Slovic (1998) 

To define the acceptable safety levels, according to Bohnenblust and Slovic, the 

optimal allocation of one’s resources seems to be an appropriate starting point. The 

optimal allocation of funds is an optimization problem that can be solved by defining 

marginal-cost-criterion. Marginal cost is the price one is willing to pay for a marginal 

increase in safety. In the context of fatality risk, marginal cost is the willingness-to-pay 

for saving a statistical life. Applying the marginal-cost-criterion in its pure sense would 

mean minimizing the expected number of fatalities.. Since risks are generally perceived 

in a manner which is not consistent with the statistical expectation. To account for this, 

Bohnenblust and Slovic proposed that to allow the introduction of subjective value 

judgments through risk aversion and distinguishing involuntary risks from voluntary 

ones. 

According to Bohnenblust and Slovic (1998), risk aversion refers to the fact that 

some accidents are perceived to be much worse than their direct consequences would 

indicate. For traditional technologies a simple risk aversion function is used which 

depends on the magnitude of the consequences of an accident event. This function is 

interpreted as a penalty function that gives an over-proportional weight to events with 

large consequences. The resulting risk measure is called the perceived collective risk, 

𝑅!(perceived fatalities/year): 
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𝑅! = 𝑝!

!

!!!

  𝑥!   𝜑(𝑥!)   (121) 

where 𝜑 𝑥!   is the risk aversion factor as a function of the consequences 𝑥!. 

Bohnenblust and Slovic presented some example of risk aversion functions that had been 

used in safety studies by European railway companies (Figure 121). 

 

Figure 121: Example of risk aversion functions (Bohnenblust & Slovic, 1998) 

To account for the distinction between voluntary and involuntary risks, risk 

categories were introduced (Fig. 11). These categories depend on the degree of self-

determination and on the directness of the benefit resulting from an activity. Risk 

acceptance is decreasing, whereas marginal cost is increasing. To include the marginal 

cost criterion, Bohnenblust and Slovic extended the definition of collective risk as 

follows: 

𝑅! = 𝑝! . 𝑥! .𝜑 𝑥! .𝜔!

!

!!!

 (122) 

where 𝜔! s the marginal cost or willingness-to-pay (million SFr/Fatality). 𝑅!  is called the 

monetary collective risk. 
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Figure 122: Risk categories account for the different characteristics of risk 

 (Bohnenblust & Slovic, 1998) 

Hirst (1998) 

Hirst (1998) derived certain relationships, which show that the Risk Integral, 

proposed by (Carter, 1995) and used by Major Hazard Assessment Unit (MHAU), is an 

expected disutility function.  

A simple measure of the risk from installations is the Expectation Value (EV) of 

the number of fatalities sometimes called the Fatal Accident Rate (FAR) or Expected 

Number of Fatalities per Year (ENFY) from accidents calculated as follows: 

𝐸𝑁𝐹𝑌 = 𝑓!𝑁
!""  !

= 𝐹!
!""  !

 (123) 

where 𝑓! is the frequency of accidents with exactly 𝑁 fatalities and 𝐹! is the 

frequency of accidents with 𝑁 or more fatalities. The criticism of using ENFY is that as a 

criterion it does not include an allowance for aversion to multiple fatality accidents. Hirst 
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explained that ENFY does not distinguish between an installation that has one accident 

causing 100 deaths and an installation that has 100 accidents each causing one death over 

the same period of time although the society has a strong reaction to major accidents that 

occur occasionally and is tolerant of many frequent but small accidents. Alternative 

methods used a “weighted risk indicator” (p. 170) that gives greater emphasis to the 

number of deaths in an accident by raising the disutility n to a power greater than one.  

These methods have enhanced each term in the ENFY summation by the ‘aversion 

multiplier’ as follows: 

𝑓!×𝑁!.! , 𝑓!×𝑁!.! ,𝑎𝑛𝑑   𝑓!×𝑁! (124) 

Where the aversion multiplier is 𝑁!.!,𝑁!.!, 𝑜𝑟  𝑁, respectively. 

As explained in Carter (1995), the practice in MHAU is to use the expression 

Risk Integral defined as (previuosly defined in 93): 

𝑅𝐼 = 𝑁𝐹! (125) 

Hirst (1998) showed that MHAU’s method correspond closely to the other 

methods using aversion multipliers as mentioned above. The 𝐹:𝑁 curve of the 

installation under consideration was assumed to be a straight line on log-log axis 

extending to very large values of N without limitation.  Later Hirst and Carter (2000) 

concluded that the societal risk from major accidents at installations involving flammable 

substances can be well approximated by the straight line of slope -1 on 𝐹:𝑁 plot, while 

societal risk from major accidents at installations involving toxics can be better 
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approximated by assuming an straight line slope -2 in 𝑓:𝑁 (note little f ) plot. From the 

definition (previously given in Equation 99): 

𝑓! = 𝐹! − 𝐹!!!   (126) 

Assuming the F:N curve to be a straight line on log-log axes will result in: 

𝑓! =
𝐹!
(𝑁)!   

(127) 

Using these two equations gives: 

𝑓! = 𝐹! −
𝐹!

(𝑁 + 1)!   
(128) 

which can be rewritten as the following two equations: 

𝑓! = 𝐹! −
𝐹!
(𝑁)! ×

(𝑁)!

(𝑁 + 1)!    (129) 

𝑓! = 𝐹! − 𝑓!×
(𝑁)!

(𝑁 + 1)!    (130) 

Finally, combining the 𝑓! terms and isolating 𝐹! gives: 

𝐹! = 𝑓!×
(𝑁 + 1)!

(𝑁 + 1)! − (𝑁)!    (131) 
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This expression can be used to transform MHAU’s weighted risk indicator, 

defined in terms of only 𝐹! , into a form involving only 𝑓! . The following relationship is 

obtained: 

𝐹! .𝑁 =   𝑓!×𝑁×   
(𝑁 + 1)!

(𝑁 + 1)! − (𝑁)!    (132) 

The right-hand side is recognizable as an expected disutility function. The 

aversion multiplier applied to each 𝑓!×𝑁 term in the MHAU formulation is different 

depending on the value of 𝛼. Figure 123 shows the MHAU (𝛼 = 1)  and (𝛼 = 2) 

multipliers with respect to N and compares them with 𝑁!.!and 𝑁 multipliers. It can be 

seen that the MHAU formulation is towards the upper end of, but mostly within, the 

range of the others. 

 

Figure 123: Comparison for straight-line F:N curves of unlimited extent (Hirst, 1998) 

For F:N curves that are truncated at some value of n, 𝑁!"#, Hirst proved that: 
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𝐹! .𝑁
!!"#

!

= 𝑓! .𝑁. 𝑁 + 1 /2
!!"#

!

   (133) 

For truncated F:N curves MHAU’s aversion multiplier is (𝑁 + 1)/2. Figure 124 

compares the MHAU’s aversion multiplier with 𝑁!.!and 𝑁 for different number of 

fatalities. It can be seen that the MHAU formulation lies comfortably within the range of 

the others for all values of 𝑁. 

 

Figure 124: Comparison for straight-line F:N curves of limited extent, 𝑵𝒎𝒂𝒙  (Hirst, 1998) 

Risk Integral (Hirst & Carter, 2000; Hirst & Carter, 2002;Carter, Hirst, Maddison, 

& Porter, 2003) 

Hirst and Carter (2000) noted that the acceptability of the proposals for 

developing land close to an existing installation or to introduce a new installation could 

be determined, by calculating the F:N plot of the development or installation and then 

comparing it with some agreed criterion line, requiring the plot to be below the criterion 

line at all points.  This approach is time-consuming and also according to  Evans and 

Verlander (1997) point-by-point comparison with a criterion line can lead to 



 
237 

inconsistencies.  Both problems are avoided by making use of the Risk Integral (𝑅𝐼) and 

its derivative, the Approximate Risk Integral (𝐴𝑅𝐼). 

 Hirst and Carter (2000; 2002) compared the graphical presentation of the 

relationship between f and n with the corresponding relationship between F, the 

cumulative frequency of events causing N or more fatalities, and N (Figure 125) . It can 

be seen that in Figure 125(a), the plot of F against N has a slope of -1 over all of its 

length and that in Figure 125(b) the plot has a slope of -1 initially but falls away more 

steeply as 𝑁!"#  is approached.  

 

Figure 125:Comparison of curve (a) 𝑭(𝑵) = 𝟏𝟎𝟎/𝑵 and (b) 𝒇(𝑵) = 𝟏𝟎𝟎/𝑵𝟐  

(Hirst & Carter, 2000; Hirst & Carter, 2002) 

Evidence from major accident records suggests that F:N plots of chemical 

establishments may resemble the examples in Figure 126. A study by Hasstrup and 

Rasmussen (1994) identified 159 accidents involving flammable gases and 84 accidents 

involving toxic gases, all resulting in fatalities. Figure 126 is a reconstruction of a figure 

from that study, supporting the study's conclusion that the cumulative F:N plot for the 
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accidents involving flammables was close to a straight line of slope -1 up to the 

maximum number of fatalities, whilst that for the accidents involving toxics was of 

similar slope but tended to fall away more steeply as the number of fatalities increased. 

Hirst & Carter (2000) concluded the societal risk from major accidents at installations 

involving flammable substances can be well approximated by assuming an F:N plot of 

slope -1 as shown in Figure 126(a), whilst societal risk from major accidents at 

installations involving toxics can be approximated by the theoretical approach underlying 

Figure 126(b), that is, by assuming an f:N plot of slope -2. 

 

Figure 126: Experience-based F:N plots  (Hirst & Carter, 2000;Hirst & Carter, 2002) 

Hirst and Carter revisited the Risk Integral (𝑅𝐼), Scaled Risk Integral (𝑆𝑅𝐼), and 

Approximate Risk Integral (𝐴𝑅𝐼) that were introduced by Carter (1995) and used by 

MHAU. Risk Integral (𝑅𝐼) is defined as follows: 

𝑅𝐼 = 𝐹! .𝑁
!!"#

!

= 𝑓! .𝑁. 𝑁 + 1 /2
!!"#

!

   (134) 
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and the Scaled Risk Integral is defined as 𝑅𝐼 for the proposed development divided by 

the area of land which the development would occupy, A: 

𝑆𝑅𝐼 =
𝐹! .𝑁!""  !

𝐴 =
𝑓!×(𝑁 + 𝑁!)!""  !

2𝐴    (135) 

For small developments, 𝑁!"# is defined as number representative of the number 

of persons present in the development and 𝑅 =   𝑓!!"#is the value of the individual risk at 

the center of the population at the development site. This makes the 𝑆𝑅𝐼  be calculated as 

follows: 

𝑆𝑅𝐼 = (
1
2)×𝑁!"#×(𝑁!"# + 1)×

𝑅
𝐴   (136) 

Abbreviating the populational factor given in Equation (136) to P, and 

introducing the occupancy factor 𝑇  (0 < 𝑇 < 1)  to accommodate developments which 

would be occupied for a fraction of time, will result in (previously defined by Equation 

95 in this chapter): 

𝑆𝑅𝐼 =
𝑃×𝑅×𝑇

𝐴    (137) 

To define the Approximate Risk Integral 𝐴𝑅𝐼  for Land Use Planning (𝐿𝑈𝑃), 

Hirst and Carter (2000) examined the graphs shown in Figure 126. The F:N plot shown in 

Figure 126(a) which is a basis of consideration of flammable risks, is a straight line with 

slope -1. The area beneath the F:N curve is rectangular with height 𝐹!and width 𝑁!"# . 

Thus: 
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𝐴𝑅𝐼 = 𝐹!×𝑁!"#   (138) 

Since for the flammables case 𝐹! can be replaced by  𝐹!!"#×𝑁!"#, plugging this 

into the above  leads to an alternative formula for the 𝐴𝑅𝐼: 

𝐴𝑅𝐼 = 𝐹!!"#×𝑁!"#
!    (139) 

According to the above formula, to obtain an rough estimate for Risk Integral, 

evaluations requires only an estimate of the maximum number of persons affected by a “ 

worse case” event coupled with the estimation of corresponding frequency. For the F:N 

curve shown in Figure 126(b) which is taken as the basis of consideration of toxic risks 

the equation is defined and 𝑓! = 100/𝑁!.  For this case Hirst & Carter (2000) derived 

the following equation: 

𝐴𝑅𝐼 = 0.5×𝑓!!"#×𝑁!"#
!    (140) 

Hirst and Carter (2002) in Appendix A of their paper, altered their equations for 

the approximate  𝐸𝑉 and 𝐴𝑅𝐼!"#$%, which were required by UK Health and Safety 

Executive (HSE) as a first screening tool when examining safety reports submitted under 

the Control of Major Accident Hazards (COMAH) Regulations 1999. Knowing 𝑁!"# 

,𝑓!!"#, and the directionality of the worst case consequence, they evaluated the 

expectation value (𝐸𝑉) and Risk Integral (𝐶𝑂𝑀𝐴𝐻) from the following equations: 

𝐸𝑉 = 𝑓! .𝑁
!!"#

!!!

   (141) 
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𝑅𝐼!"#$% = 𝑓! .𝑁!

!!"#

!!!

   (142) 

They assumed that if the worst-case accident is an omni-directional event, such as 

fireballs and vapor cloud explosions, then the F:N plot is approximated by a straight line 

with slope -1. They used the straight line with slope -2 to approximate the F:N curve in 

the worst case accident in a uni-directional event, such as toxic gas clouds and flash fires.  

The evaluation requires an estimate of the maximum number of persons affected 

by a “worst case” event coupled with estimation of the corresponding frequency. In the 

omni-directional case where 𝐹! = 𝐹!/𝑁  for   𝑁 = 1,2,…, 𝑁!"# , one point on the curve 

is 𝐹!!"# = 𝐹!/𝑁!"#, from which 𝐹! is isolated and eliminate from the above equations: 

𝐹! =
𝐹!!"# .𝑁!"#

𝑁   𝑓𝑜𝑟  𝑁 = 1, 2,… ,𝑁!"#  𝑎𝑛𝑑    𝐹! = 0  𝑓𝑜𝑟  𝑁 > 𝑁!"#   (143) 

Plugging in the definition of 𝐹! and 𝐹!!! from the equation of the F:N curve gives: 

𝑓! = 𝐹!!"# .𝑁!"#
1

𝑁 𝑁 + 1 𝑓𝑜𝑟  𝑁 = 1, 2,… ,𝑁!"! − 1   (144) 

𝑓! =
𝐹!!"# .𝑁!"#

𝑁     𝑓𝑜𝑟  𝑁 = 𝑁!"#    𝑎𝑛𝑑    𝑓 𝑁 = 0  𝑓𝑜𝑟  𝑁 > 𝑁!"# (145) 

Plugging the above values of 𝑓! into the equations that define 𝐸𝑉 and 

𝑅𝐼!"#!"and recognizing that𝑓!!"#   =   𝐹!!"#   , for the omni-directional case: 
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𝑎𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑒  𝐸𝑉 = 𝑓!!"# .𝑁!"#[
1

𝑁 + 1+ 1]
!!"#!!

!!!

   (146) 

𝐴𝑅𝐼!"#$% = 𝑓!!"# .𝑁!!"
𝑁!!!

𝑁 + 1

!!"#!!

!!!

+ 𝑁!"#!!!  (147) 

For the uni-directional case the f:N curve can be approximated by:  

𝑓! =
𝑓!
𝑁!   𝑓𝑜𝑟  𝑁 = 1, 2,… ,𝑁!"#   (148) 

One point of the curve is 𝑓!!"# = 𝑓!/𝑁!"#! , from which 𝑓! can be isolated and 

eliminated from the above equation, making it: 

𝑓! =
𝑓!!"#×𝑁!"#

!

𝑁!   𝑓𝑜𝑟  𝑁 = 1, 2,… ,𝑁!"#  𝑎𝑛𝑑  𝑓! = 0  𝑓𝑜𝑟  𝑁 > 𝑁!"#   (149) 

Plugging these values of 𝑓!into the equations that define 𝐸𝑉 and 𝑅𝐼!"#$%, for 

uni-directional case: 

𝑎𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑒  𝐸𝑉 = 𝑓!!"#×𝑁!"#
! 1

𝑁

!!"#

!!!

   (150) 

𝐴𝑅𝐼!"#$% = 𝑓!!"#×𝑁!"#
! 𝑁!!!

!!"#

!!!

   (151) 

As noted Hirst & Carter (2002) and also Carter, Hirts, Maddison, & Poerter 

(2003) decided to set 𝑎 = 1.4 
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Bottelberghs (2000) 

According to Bottelberghs (2000), during 1993 to 1994, the use of acceptability 

criteria in the Netherlands has changed, due to discussions between the Minister of 

Environment  (VROM) and the Parliament.  It was concluded that the level of negligible 

risk used before 1993 should be abandoned as a separate criterion.  Thus, only the 

‘maximum acceptable risk’ is used as a criterion.  It is assumed implicitly that ALARA is 

always required via the safety measures in the license. This means that all measures have 

to be taken to reduce the risk as long as these measures are not unreasonable for reasons 

of costs or other aspects.  Along with that change, the criterion for tolerability of societal 

risk was given a less strict character.  In other words, t exceeding the societal risk 

criterion can be tolerated by the authorities if sufficient arguments can be given for the 

specific situation involved.  Figure 127 shows the acceptability criterion for societal risk.  

The societal risk criterion can be written in the form of 10!! 𝑁! per year, which is the 

maximum probability per year that would be acceptable for any accident at an 

establishment that would cause more than N fatalities outside the establishment. Later, 

Ale (2005) made the following important observation in a comparison of risk regulation 

in the UK and the Netherlands:  

 The risk criteria adopted in the United Kingdom and the Netherlands look very 

similar. Both countries have upper limits for ‘allowable’ individual risk and both 

countries use criteria lines in FN curves. Even their numerical values do not differ 

a great deal. However, the interpretation differs greatly. Whereas the criteria in 

the Netherlands are the end of the discussion, in the United Kingdom they are the 

starting point (p. 240). 
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Figure 127: Acceptability criterion for societal risk (Bottelberghs, 2000) 

In comparison of the societal risk criteria between UK and Netherlands, Bowles 

(2007) explains that the HSE framework is developed for the Common Law legal system. 

This legal system originated in the UK and underlies the legal systems in the US and 

Australia. Whereas many other countries, including the Netherlands, operate under the 

Civil Code of Law, and compliance with a regulatory limit criterion provides protection 

against further liability.  He then continues:  

If in the Netherlands the owner of a hazard reduces his risk to barely meet an 

objective limit and convinces the appropriate regulator that he has done so, he can 

have confidence that he has met his legal obligations to reduce the risk. In 

contrast, the limit of tolerability is a necessary but not necessarily a sufficient 

condition that the owner of the hazard must meet in a Common Law country 

because the owner must reduce the risk to be ALARP, and that level of risk is 
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generally lower than the limit of tolerability. Furthermore, this requirement can 

only be defined with confidence retroactively as the result of a court judgment 

that considers whether or not the owner acted reasonably in all respects in a 

particular situation, and typically after a failure has occurred. Thus, under a 

Common Law legal system there exists no “sign off” by a regulator that can 

provide absolute protection prospectively, whereas such protection is understood 

to exist in principal under a Napoleonic Civil Code legal system. Hence, in Civil 

Code countries, the concept of tolerable risk is not applicable and in Common, 

Law countries the definition of broadly acceptable risk includes no absolute 

guarantee that all legal obligations have been met and it incorporates the 

requirement that ALARP should be satisfied. Tolerable risk rather than acceptable 

risk is therefore becoming generally recognized as a goal for risk management in 

countries with Common Law legal systems (p. 7). 

Santa Barbara County (2000) 

The requirement for quantitative risk assessment (QRA) has been established in a 

safety element supplement to the County Comprehensive Plan (Santa Barbara, 2000).  

Risk tolerability is judged based upon the societal risk as shown in Figure 128.  The 

individual risk limit of 10!!  fatality/year is not a determinant of risk tolerability, only 

whether a detailed QRA is required or not. The application of societal risk criteria is 

described as follows (Center for Chemical Process Safety, 2009): 

• New developments could be either a new hazardous installation or activity or a new 

non-hazardous development in the proximity of an existing hazardous installation or 

activity. For new developments, any risk profile (with a few exceptions) that, after 
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mitigation, extends into the red zone is judges to be an unacceptably high risk 

warranting denial of the proposed development. 

• A more stringent criterion is applied for highly sensitive land use, which is defined to 

include schools, hospitals, nursing home, stadiums, and so forth. Any new 

development involving highly sensitive land use with a risk profile that, after 

mitigation, extends into the amber zone is similarly judged to be an unacceptably high 

risk. 

• Any risk profile that falls entirely in the green zone is deemed to have an insignificant 

impact on public safety and requires no mitigation. 

• For existing facilities, any modification that increases risk, causing the risk profile to 

enter the amber zone-or, for situations involving highly sensitive land use, to enter 

into the amber zone-would also be deemed an unacceptably high risk warranting 

denial of the proposed development. 

 

Figure 128: Santa Barbara county risk criteria (Santa Barbara County (Calif.), 2000) 
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Reducing Risk, protecting people (HSE, 2001) 

In HSE (2001) the recommendation is cautiously made that an F:N criterion 

point, not a line, for single major hazardous industrial sites.  

HSE proposes the following basic criterion for the limit of tolerability, 

particularly for accidents where there is some choice whether to accept the hazard 

or not, e.g. the risk of such an event happening from a major chemical site or 

complex continuing to operate next to a housing estate. In such circumstances, 

HSE proposes that the risk of an accident causing the death of 50 people or more 

in a single event should be regarded as intolerable if the frequency is estimated to 

be more than one in five thousand per annum. (para 136) 

HSE  (2001) defined a single major industrial activity as industrial activity from 

which risk is assessed as a whole, such as all chemical manufacturing and storage units 

within the control of one company in one location or within a site boundary, a cross-

country pipeline, or a railway line along which dangerous goods are transported.  

For a discussion of techniques available for extrapolating reducing risk, protecting 

people (R2P2) criterion to other numbers of casualties and their frequency, R2P2 

recommended the report by Ball and Floyd (1998), societal risk.  The R2P2 criterion 

point that accidents causing 50 or more fatalities should not have a frequency greater in 1 

in 5,000 per year is one order of magnitude more stringent than an earlier criterion point 

derived by the HSE.  The ‘Canvey point’ is that the frequency of accidents causing 500 

or more fatalities should not have a frequency greater than 1 in 5,000 per year.  Using the 

R2P2 reference point for intolerable risk and assuming slope -1 for the F:N criteria along 
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with delineating three regions within which the risks are described as “unacceptable”, 

“tolerable if ALARP” and “broadly acceptable” Hirst and Carter (2002) presented the set 

of F:N criteria implied from HSE (2001) as shown in Figure 129. 

 

Figure 129: The implied F:N criteria from R2P2 represented in Hirst & Carter (2002) 

HSE (2001) emphasized that “tolerable does not mean acceptable” (p. 8). Thus, 

the terms acceptable risk and tolerable risk are not interchangeable terms: 

•  Acceptable risk is defined as a risk that everyone who might be impacted is prepared 

to accept with the assumption that no changes in risk control mechanisms take place. 

• Tolerable risk is defined in HSE (2001) as:  

A risk within a range that society can live with (1) so as to secure certain net 

benefits. It is (2) a range of risk that we do not regard as negligible or as 
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something we might ignore, but rather as something we need to (3) keep under 

review and (4) reduce it still further if and as we can  

Bowles (2007) explains:  

For a modern society to exist we must take risks, but when such risks have the 

potential for great harm and even loss of life we cannot call these potential 

outcomes acceptable. However, we are prepared to tolerate or “live with” the 

potential that these consequences may occur in order to achieve the benefits that 

come from taking the risks, but only if the risks meet the conditions in the 

definition of tolerable risk above (p. 4). 

Kroon and Hoej (2001) 

Kroon and Hoej (2001) discussed how the concept of risk aversion can be 

introduced in practical decision-making. First, they presented the different available 

possibilities for modeling of risk aversion, F:N criterion and utility function, and then 

suggested a method based on the framework of rational decision making.  

Kroon & Hoej (2001) explained that the F:N criterion line can be described by its 

intersection with the 𝑁 = 1 axis, K and the slope of the line, 𝛽 in double logarithmic 

representation and the steeper the line, the more risk averse is the attitude. The formula 

for acceptance is  

log 𝐹! ≤ log 𝐾 − 𝛽. log 𝑁  (152) 
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The slope 𝛽 is indicating the risk aversion of the decision maker and is generally 

chosen in the range of 1 to 2. 𝛽 = 1 is regarded as a risk neutral choice and 𝛽 = 2 

corresponds to strongly risk aversion. 

In the expected utility method the expected disutility of a system, 𝑢!"!,   is 

determined as follows: 

𝑢!"! = 𝜔. 𝑓! .𝑁!!
!!!,…,!

   (153) 

The disutility function associates a weight on the consequence in terms of a 

preference 𝜔 on each type of consequences, e.g. fatalities. 𝛼 is normally in the in the 

range between 1 and 2, where 1 indicates a risk neutral attitude and 2 indicates a strongly 

risk averse attitude. The risk is not acceptable if the expected disutility exceeds some 

criterion 𝑢!"#"$: 

𝑢!"#"$ < 𝜔. 𝑓! .𝑁!!
!!!,…,!

   (154) 

In order to discuss the inconsistency of F:N criterion lines, Kroon and Hoej 

(2001) examined the two extreme groups of F:N  curves: single step functions and a 

quasi-line.  The quasi-line is a step line along the F:N line defined with 𝐾 = 0.1  and 

𝛽 = −1, where only integer numbers are possible (Figure 130).  It can be seen that any 

other F:N curve will be in between a single step function and a quasi-line.  The single-

step curve represent the societal risk of a system with only one accident size whereas the 

quasi-line F:N curve shows a system with a wide range of accident sizes.  F:N curves 

represented by single step functions are risk neutral.  As soon as the curve deviates 
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slightly from the single step function, the inherent risk is higher. The maximum inherent 

risk for the example line 1 is 7.5 times higher than the risk in a single-step curve.  It 

follows that an F:N curve, which is not acceptable by the application of F:N criterion, 

might have lower risks than a system, which is accepted using the same F:N criterion 

line.  

 

Figure 130: Different F:N curves which are just acceptable (Kroon & Hoej, 2001) 

Another drawback of F:N criterion lines is that the position and the slope of the 

criterion line are not easy to define. The position of the line, i.e. the intersection with the 

n=1 axis, and the slope, which represent the risk aversion attitude, are of tremendous 

importance to the decision made using F:N criteria. The critics against the expected 

utility method are that it is difficult to use and the input is controversial and 

incomprehensible.  

Kroon and Hoej (2001) suggested a practical procedure based on the expected 

utility approach for comparing the risk of different systems in decision-making processes 

and choosing the a system with acceptable risk. In the proposed methodology, the 

disutility of a system is calculated as follows: 
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𝑢!"! = 𝜔. 𝑓! .𝑁!!
!!!…!

= 𝜔. 𝑓! .𝑁!!
!!!…!

𝑓!  .𝑁!
!!!…!

. 𝑓! .𝑁!
!!!…!

   (155) 

By the proposed methodology the decision-maker is informed about the impact of his 

choice of preference and is able to compare with risk attitude for apparently acceptable 

situations. 

Safety in Tunnels (Organization for Economic Co-Operation and Development 

[OECD], 2001) 

Accidents involving dangerous goods in tunnels can be extremely costly in terms 

of fatalities, environmental degradation, structural damages to the tunnel, and transport 

disruption. Banning dangerous goods from tunnels may create unjustified economic costs 

and might force operators to use routes that are more dangerous such as densely 

populated areas, and thus increase the overall risk.  The 2001 report by Organization for 

Economic Co-Operation and Development  (OECD) proposes regulations and procedures 

to increase the safety and efficiency of transporting dangerous goods through road 

tunnels. OECD (2001) introduces two models: Quantitative Risk Assessment Model 

(QRAM) to quantify the risks involved in transporting dangerous goods through tunnels 

and by road; and the Decision Support Model (DSM), to assists in the determination of 

the restrictions that need to be applied to the transport of dangerous goods through 

tunnels.  Finally, OECD describes measures to reduce both the risks and the 

consequences of incidents in tunnels are examined in detail. 

After quantifying risks due to transport of dangerous goods, the QRAM model 

compares one route including a tunnel with an alternative route in the open. Figure 131 

presents the F:N curves for a tunnel. 
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Figure 131: Comparison between F:N curves for C tunnel test case and C alternative route 

test case (OECD, 2001) 
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The International Maritime Organization (IMO) Approach (Skjong & Eknes, 2002) 

The International Maritime Organization (IMO) approach to risk-based 

regulation, which is referred to as Formal Safety Assessment (FSA) and described in 

IMO Guidelines (IMO, 1997), is not an analysis of a specific object in a specific 

environment (e.g. a ship in a specific trade), but a ‘generic ship.’ The objective of 

(Skjong & Eknes, 2002) journal paper, societal risk and societal benefits, is to outline a 

method to establish F:N risk acceptance criterion that reflect the importance of the 

activity in question and calibrate the criteria against the average fatality rate per unit of 

economic production. The importance to the society is measured by the economic activity 

represented by the different ship types.  

For occupational accidents the aggregated indicator, q, is defined as the average 

fatality rate per Gross National Product (GNP). For transport-related accidents a similar 

aggregated indicator, 𝑟, is defined: 

𝑞 =
𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑜𝑐𝑐𝑢𝑝𝑎𝑡𝑖𝑜𝑛𝑎𝑙  𝑓𝑎𝑡𝑎𝑙𝑖𝑡𝑖𝑒𝑠

𝐺𝑁𝑃   𝑓𝑜𝑟  𝑐𝑟𝑒𝑤   (156) 

𝑟 =
𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑓𝑎𝑡𝑎𝑙𝑖𝑡𝑖𝑒𝑠  𝑜𝑓  𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛
𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛  𝑡𝑜  𝐺𝑁𝑃  𝑓𝑟𝑜𝑚  𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛       𝑓𝑜𝑟  𝑝𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟𝑠   (157) 

For a specific activity an average acceptable Potential Loss of Life (𝑃𝐿𝐿!) may 

be based on the Economic Value (EV) of that activity based on: 

𝑃𝐿𝐿𝐴 = 𝑞.𝐸𝑉  𝑓𝑜𝑟  𝐶𝑟𝑒𝑤;𝑃𝐿𝐿𝐴 = 𝑟.𝐸𝑉  𝑓𝑜𝑟  𝑃𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟𝑠   (158) 
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For activities and trades that are of less importance to the society, the society may 

not be willing to accept a high accidental fatality risk. An F:N curve with inclination b is 

fitted to the resulting 𝑃𝐿𝐿! by the following equation: 

𝑃𝐿𝐿! = 𝑁𝑓! = 𝐹!(
1

𝑁!"#
!!! +

𝑁 + 1 ! − 𝑁!

𝑁!!! 𝑁 + 1 ! )
!!"#!!

!!!

!!"#

!!!

 (159) 

where 𝑁!"#  is the upper limit of the number of fatalities. For a ship it is the number of 

crew plus passengers. 𝑓! is the frequency of occurrence of an accident involving  𝑁 

fatalities, and  𝐹!  is the frequency of accidents involving one or more fatalities. 

Skjong and Eknes chose 𝛽 = 1 and simplified the above formulation to: 

𝑃𝐿𝐿! = 𝐹! 1+
1

𝑁 + 1

!!"#!!

!!!

= 𝐹!
1
𝑁

!!"#

!!!

   (160) 

Skjong and Eknes argued that contrary to the opinion of some risk analysis 

practitioners, 𝛽 = 1 is risk averse. He explained that the risk aversion is understood by 

observing that small contributions to 𝑃𝐿𝐿 come from large N. Since these small 

contributions are as ‘intolerable’ as the comparable large contributions from small N, the 

𝛽 = 1 is risk averse. 

Figures Figure 132(a) and Figure 132(b) show the F:N curves for different 

tankers, carriers, and container vessels along with the criteria established by Skjong and 

Eknes based on the data from 1978-1998. In Figure 133, the F:N curve for passenger 
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Ro/Ro (Roll On/Roll Off) ships along with the criteria outlined in Skjong and Eknes 

(2002) is shown. The data for passenger Ro/Ro ships are for period 1988-1998. 

 

Figure 132: F:N curves for (a) different tankers, (b) bulk and ore carriers, and container 

vessels along with the criteria established by  Skjong and Eknes (Skjong & Eknes, 2002) 

 

Figure 133: F:N curves for passenger Ro/Ro ships and the criteria (Skjong & Eknes, 2002) 
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Jonkman, van Gelder, & Vrijling (2003) 

Jonkman, van Gelder, & Vrijling (2003) carried out a study of risk literature 

aimed at giving an overview of quantitative risk measures.  Their study concentrates on 

Dutch risk measurement experiences, mainly in the areas external safety and flood risk 

management.  However, some measures used in other countries are also included.  

As for societal risk, Piers (1998) multiplied the number of houses inside a certain 

area with their individual risk level to calculate the aggregated weighted risk as follows: 

𝐴𝑊𝑅 = 𝐼𝑅 𝑥,𝑦 . ℎ 𝑥,𝑦   𝑑𝑥  𝑑𝑦 (161) 

Where 𝐼𝑅(𝑥,𝑦) is the individual risk on location (𝑥,𝑦); ℎ(𝑥,𝑦) number of houses 

on location (𝑥,𝑦) and 𝐴 is the area for which AWR is calculated. 

Laheij, Post, & Ale (2000) determined the expected value of the number fatalities 

by integrating the individual risk level and the population density as follows: 

𝐸 𝑁 = 𝐼𝑅 𝑥,𝑦   𝑚 𝑥,𝑦   𝑑𝑥  𝑑𝑦 (162) 

where 𝐸(𝑁) is the expected value of the number of fatalities per year and 𝑚(𝑥,𝑦) is the 

population density on location (𝑥,𝑦). Carter  (1995) defined the scaled risk integral (SRI) 

as (previously given in Equation 95): 

𝑆𝑅𝐼 =
𝑃×𝐼𝑅!"#×𝑇

𝐴 ,𝑤ℎ𝑒𝑟𝑒    𝑃 =
𝑁 + 𝑁!

2  (163) 
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where 𝐼𝑅!"# is the individual risk per million year, 𝑇 is the time the area is occupied by 

𝑁 persons, A is the surface of the area in hectares, P is the population factor , and 𝑁 is the 

number of people in the area. Jonkman, van Gelder, & Vrijling (2003) note that the 

aforementioned three expressions (Equations 161-163) are based on the individual risk 

contours. 

Carter (1995) of Major Hazards Assessment Unit (MHAU) of Health and Safety 

Executive (HSE) defined the Risk Integral (RI) as a measure for societal risk is as follows 

(previously defined in Equation 93): 

𝑅𝐼 = 𝑁×𝐹!  𝑑𝑁
!

!
 (164) 

Where 𝐹! is the cumulative frequency of 𝑁 or more persons exposed. Vrijling, 

van Hengel and Houben (1995) proved that the risk integral proposed by Carter (1995) 

equals: 

𝑅𝐼 = 𝑁×𝐹!  𝑑𝑁 =
1
2 (𝐸

! 𝑁 + 𝜎!(𝑁)) (165) 

Wehr, Fermaud, & Bohnenblust (1995) used 𝑅! as a measure for societal risk 

defined as follows: 

𝑅𝑷 = 𝑥𝜑 𝑥   𝑓!𝑑𝑥
!

𝟎
 (166) 
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Where 𝜑 𝑥 , a function of the number of fatalities, is the risk aversion. Although 

not explicitly stated by Wehr, Fermaud, & Bohnenblust(1995) and Vrijling & van Gelder 

(1997) deducted rom a graph in the paper that : 

𝜑 𝑥 ≈
𝑥
10 → 𝑅! = 0.1𝑥!.!𝑓!𝑑𝑥

!

!
 (167) 

Vrijling, van Hengel, & Houben (1995) proposed to limit the Total Risk (TR) on a 

national level, considering the policy factor 𝛽: 

𝑇𝑅 = 𝐸 𝑁 + 𝑘𝜎 𝑁 < 𝛽. 100 (168) 

To translate this national criterion into a standard for single installations or 

locations, Vrijling et al (1995) proposed the use of F:N criterion of the form given as 

follows (previously defined in this chapter by Equations 89-92) 

𝐹! <
𝐶
𝑁! (169) 

Where C is a function of the number of installations on a national level (𝑁!), the 

risk aversion factor 𝛽 , and the policy factor (k): 

𝐶 =
𝛽. 100
𝑘 𝑁!

!

 (170) 

Jonkman, van Gelder, & Vrijling (2003) point out that setting limits with F:N 

curves on a local level or on an installation, level can lead to an undesired situation on a 

national level.  If a risk criterion is defined on an installation level, the number of 
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locations determines the national criterion.  An increase in the number of installations, 

each conforming to the local F:N criterion, can lead to an unacceptable high-risk level on 

a national scale.  To prevent these problems, they proposed to set a limit on a national 

level and to distribute the acceptable risk over the locations.  

Figure 134 shows that F:N curves for the risks of various activities in The 

Netherlands in a national level in 1999. 

 

Figure 134: F:N curves for the risks of various activities in The Netherlands in a national level 

in 1999 (Jonkman et al., 2003) 

Transport Fatal Accidents (Evans, 2003) 

Evans (2003) responded to the research brief from the Health and safety 

Executive (HSE) to provide fatal accident data and their empirical F:N curves to first 

compare the frequencies and severities of railway accidents with those of road and air 
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transport, and secondly to present F:N- curves showing the severities and frequencies of 

fatal main line train accidents.  Evans presented data from 1976 to 2001 on all British 

transport fatal accidents with 10 or more fatalities and all main line train accidents in 

fifteen European Union countries with 20 or more fatalities. The F:N curve for each 

transport mode for the 33/35-year period is given in Figure 135. The left-hand end of the 

curves are the frequencies of all fatal accidents, which are 4,950 for roads, 69 for rail, and 

18 for aviation.  

 

Figure 135: F:N curves for road, rail, and air transport (Andrew W Evans, 2003) 

Figure 136 shows three F:N curves, two criterion lines, and a criterion point. The 

lowest F: N curve is for ATP main line train accidents after the installation of TPWS and 

TPWS+, assuming 2001 traffic levels.  The higher of the two criterion lines is the 

‘Canvey line’ mentioned in which cuts the vertical axis at 0.1 fatal accidents per year 
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with a slope of –1.  The Netherlands criterion line is much more stringent than Canvey 

criteria: it cuts the vertical axis at 0.001, and has a slope of –2.  The ‘R2P2 criterion 

point’ is one order of magnitude more stringent than the Canvey line.  The extension of 

the R2P2 point would be a line parallel to the Canvey line, and one order of magnitude 

below it. 

According to Evans (2003), all criteria shown in Figure 136 were proposed for 

single hazardous industrial sites such as chemical or nuclear plants, not industries at the 

national scale or national transport systems. 

 

Figure 136: Transport F:N curves for 2001 and F:N criteria (Evans, 2003) 



 
263 

Australian National Committee on Large Dams  (ANCOLD, 2003) 

According to Australian National Committee on Large Dams (ANCOLD, 2003) 

and adapted from HSE (2001), tolerable risk is:  

A risk within a range that society can live with (1) so as to secure certain net 

benefits. It is (2) a range of risk that we do not regard as negligible or as 

something we might ignore, but rather as something we need to (3) keep under 

review and (4) reduce it still further if and as we can.  

ANCOLD (2003) proposed that for existing dams, an individual risk to the person 

or group, which is most at risk, that is higher than 10!! per year is unacceptable, except 

in exceptional circumstances.  For new dams or major augmentation of existing dams, an 

individual risk to the person or group, which is most at risk, that is higher than 10!! per 

year is unacceptable, except in exceptional circumstances. 

As for societal risk, for existing dams, a societal risk that is higher than the limit 

curve shown in Figure 137 is unacceptable, except in exceptional circumstances.  For 

new dams or major augmentation of existing dams, a societal risk that is higher than the 

limit curve shown in Figure 138 is unacceptable, except in exceptional circumstances. 

According to ANCOLD (2003), the discretion to decide that circumstances are 

exceptional should not reside with the owner, but should be a matter for government, or 

for dam safety regulator acting on behalf of government. The risks, which would 

normally be unacceptable, can be tolerated if the dam brings special benefits to the 

society.  
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Figure 137: Revised ANCOLD societal risk guidelines for existing dams (ANCOLD, 2003) 

 

Figure 138: Revised ANCOLD societal risk reference guidelines for new dam and major 

augmentations (ANCOLD, 2003) 
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U.S. Bureau of reclamation (USBR, 2003) 

To evaluate Annual Probability of Failure estimates, USBR (2003) recommended 

that decision makers should consider taking action to reduce risk if the estimate of annual 

failure probability exceeds 1 chance in 10,000.  The estimated risk (annualized life loss; 

previously Tier I in USBR, 1997) is calculated for each specific loading category 

(seismic, static, hydrologic, improper operation, etc.) for a  specific dam based on the 

estimated life loss from dam failure.  Reclamation considers that there is justification for 

taking expedited action to reduce risk if: estimated risk is portrayed to be > 0.01  𝑙𝑖𝑣𝑒𝑠/

𝑦𝑒𝑎𝑟.  For estimated risk between 0.01 and 0.001, Reclamation considers that there is 

justification for taking action to reduce risk.  The justification to implement risk reduction 

actions or conduct additional studies diminishes as estimated risks become smaller than 

0.001. The annual probability of dam failure and expected annual life loss should be 

presented for each load category on an 𝑓:𝑁 diagram as shown in Figure 139.  The 𝑓:𝑁 

diagram illustrates the probability of dam failure, the potential consequences, and the 

expected annual life loss risk associated with a given load category on one diagram.  It 

should be pointed out that Reclamation associates specific consequences outcomes with 

the probability of dam failure.  This is different from most of the other risk criteria 

schemes where the outcomes (number of fatalities) are associated with the probability of 

achieving these outcomes.  The guidelines, illustrated as dashed bold lines on the 𝑓:𝑁 

diagram, for considering risk reduction action. 
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Figure 139: The 𝒇:𝑵 chart for displaying probability of failure, life loss, and risk estimates 

(USBR, 2003) 

Austrian Tunnels (Knoflacher & Pfaffenbichler, 2004) 

In 2001, the Federal Ministry of Transport, Innovation, and Technology initiated 

an Austrian Tunnel Safety Board.  To rationalize decisions concerning tunnel safety 

Quantitative Risk Assessment (QRA) software that had been developed in a joint 
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Organization for Economic Co-operation and Development (OECD), Public Interest 

Research and Advocacy Center (PIARC), and European Union (EU) project was used to 

calculate the societal risk in the form of F:N curves.  The tolerable risk, shown in Figure 

140, as suggested by the Austrian Commission for Tunnel Safety (ACTS) for a 1 km road 

tunnel.  The basis for the threshold of non-tolerable risk is that the risk in tunnels must 

not exceed that of open road. The threshold for tolerable risk is about the same magnitude 

as being killed by a lightning or a similar natural disaster. 

 

Figure 140: Tolerable risk as suggested by the Austrian Commission for Tunnel Safety for a 1 

km road tunnel (Knoflacher & Pfaffenbichler, 2004) 

A project that studied the QRA in 13 Austrian tunnels, represented in Figure 141, 

shows a compilation of the F:N curves.  The highest societal risk was calculated for the 

Viennese Kaisermühlen tunnel, which has the highest traffic volumes (nearly four times 

that of the next highest, the Ambergtunnel). The highest number of potential fatalities 

was calculated for the Plabutsch tunnel, which is the longest tunnel in the study.  The two 

tunnels with the lowest risk levels are the Citytunnel Bregenz and the Schonberg tunnel.  



 
268 

The Citytunnel is relatively short and has a very low share of heavy goods vehicle (HGV) 

traffic.  The Schonberg tunnel was rather new at the time of study and had a low traffic 

volume (Knoflacher & Pfaffenbichler, 2004).  

 

Figure 141: Comparison of the F/N curves of the 13 case study tunnels  

(Knoflacher & Pfaffenbichler, 2004) 

Quinn and Davies (2003) 

The Health and Safety Executive (HSE) commissioned Environmental Resources 

Management (ERM) to undertake a study for the Development of an Intermediate 

Societal Risk Methodology to identify the requirements of a rapid societal risk tool that 

could provide improved resolution compared to 𝐴𝑅𝐼!"#!", and would be less resource 

intensive than the calculation of full F:N curves.  The study was performed between May 

and October 2003 by Quinn and Davies from ERM Risk Ltd, and revised in August 2004 

(Quinn and Davies, 2003). Quinn and Davies (2003) determined a suitable approximation 

to the societal risk curve. The authors found that it is possible in the region where the 
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number harmed (N, is greater than 10% of the maximum number harmed 𝑁!"#).   The 

assumption used in the  𝐴𝑅𝐼!"#$% methodology was that the left hand end of the F:N 

curve can be approximated by a line with a slope of –1 on a log-log scale.  For the 

proposed method in by Quinn and Davies (2003) the left hand part of the societal risk 

curve was extrapolated by drawing a line through the point (𝑁!"# , 𝑓!!"#)  with a slope of 

-1 when plotted on a log-log scale (Figure 142).  Quinn and Davies noted that HSE 

practice at the time was to determine a proportion of 𝑁!"#(in the region 

0.1  𝑁!"#and  𝑁!"#) for which the extrapolated curve (with a slope of -1 on log-log scale) 

gives the highest curve which is the curve whose intersection with the F axis where 

𝑁 = 1 is largest. The results in their study showed that this ‘highest curve’ was often 

achieved for 𝑁 = 0.1𝑁!"#(but not always).  

 

Figure 142: Extrapolation method illustration (Quinn and Davies, 2003) 
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Risk Criteria in EU (Trbojevic, 2005) 

Trbojevic (2005) attempted to minimize the differences between the varieties of 

safety approaches across the European Union (EU).  The author also wanted to develop a 

societal risk criteria completely consistent with the legally applied individual risk criteria.  

The comparison of the individual risk criteria in use in the UK, The Netherlands, 

Hungary, and Czech Republic presented in Table 27. 

Table 27: Comparison of individual risk criteria ((Trbojevic, 2005) 

 

Trbojevic (2005) proposed the individual risk criteria shown in Figure 143.  He 

suggested that the doctrine of risk tolerability be developed along either of the two 

proposed principles: (1) The simpler approach preferred in Czech Republic, Germany and 

France requiring risk to be brought below the target level, and (2) The preferred approach 

in the UK and partially the Netherlands which requires risk in the tolerable region to be 

reduced to a level which is as low as reasonably practicable (ALARP) or as low as 

reasonably achievable (ALARA). 
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Figure 143: Proposed individual risk criteria ((Trbojevic, 2005) 

For societal risk criteria in UK, Trbojevic (2005) presented the evolution of the 

upper tolerable level of risk as shown in Figure 144. The Advisory Committee on Major 

Hazards (1976) suggested that a serious accident involving 10 or more fatalities in a 

particular plant was unlikely to occur more often than once in 10,000 years.  In the 

second Convey report (HSE, 1981), it was suggested that an event with 1,500 fatalities 

and the frequency of 2  ×  10!!  per year (2 in 10,000) could be judged as intolerable.  The 

proposed slope of the F:N curve was –1 ,based on historical record for the chemical 

industry. In Advisory Committee on Dangerous Substances (1991), it was quoted as an 

upper maximum tolerable risk level a line of slope –1 through the point 𝑁   =   500 and 

𝐹   =   2  ×  10!! per year. The HSE (2001) suggested that the risk of a single accident 

causing the death of 50 people or more with the frequency of 1 in 5,000 per annum could 

be considered as intolerable. 
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Figure 144: Evolution of the upper tolerable level of risk in the UK ((Trbojevic, 2005) 

In Figure 145, Trbojevic (2005) compared different F:N criteria used in UK, 

Netherlands, France, and Czech Republic. (HSE, 1989), risk criteria for land-use 

planning in the vicinity of major industrial hazards (old LUP), defined the criteria in 

terms of a dangerous dose of toxic gas, or heat, or explosion overpressure. The risk is 

then defined as the “risk of dangerous dose” or the risk of receiving a dangerous dose, or 

worse. By converting the location risk of dangerous dose that might kill highly 

susceptible people of 10!!  to the location risk of death of general public of 

10!!(assuming that 10% of the general public are highly susceptible), the anchor points 

(𝐹 = 10!!,𝑁 = 25  𝑎𝑛𝑑  𝐹 = 10!!,𝑁 = 75) for the F:N criteria can be obtained. The 

slope of the old LUP criteria is equal to –2.09.  HSE (2003) is using  𝐴𝑅𝐼!"#$% risk 

integral, which is based on the accident with the highest number of fatalities, 𝑁!"#, and 

its frequency 𝑓!!"# . They are used to evaluate an approximate level of the Potential Loss 

of Life (PLL) or the fatal accident rate, using slope -1.4 based on historical data.  



 
273 

In the Netherlands, the upper tolerable level is defined as   10
!!

𝑁!  and the 

negligible level as 10
!!

𝑁!   in the F:N space.  The upper tolerability criterion in the 

Czech Republic for the existing installations is the same as the Dutch 

criterion  (  10
!!

𝑁!)  while for the new installations it is more stringent  (  10
!!

𝑁!).  

French criteria expressed as the minimum distance of the specified level of harm from the 

hazard source.  Trbojevic (2005) suggested to make the assumption that the frequency of 

the predefined large consequence scenarios is 5×10!!  per year and that the probability of 

fatality at the boundary of the hazardous zone is 1% (i.e. 0.01); this defines the annual 

probability of death at that boundary of 5×10!!(location risk contour). 

 

Figure 145: Comparison of F:N criteria ((Trbojevic, 2005) 

To link the societal risk and individual risk criteria, Trbojevic used the approach 

first proposed by Schofield (1993). This approach is based on a formula for potential loss 

of life (PLL) as follows: 
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𝑁!"#×𝐼𝑅 = 𝑓!×𝑁   (171) 

where 𝑁!"# is the number of exposed population, 𝐼𝑅 is the maximum tolerable 

individual risk, 𝑓! is the frequency of exactly N fatalities, N  is the number of fatalities 

It should be noted that the risk aversion factor, β, is incorporated in the definition 

of  𝑓!. Table 28 shows the number of exposed population, 𝑁!"#, corresponding to the 

F:N criteria presented in Figure 145 for given 𝐹(1), which is the anchor point, risk 

aversion factor, and the maximum individual risk. 

Table 28: Relationship between 𝑭 𝟏 , 𝑰𝑹, 𝐚𝐧𝐝  𝑵𝒎𝒂𝒙 (Trbojevic, 2005) 

 

As for societal risk, Trbojevic (2005) proposed the criteria shown in Figure 146.  

The societal criteria are based on several risk zones: the inner (nearest to the hazard 

source), middle and outer zone for which the number of exposed people is given.  The 

maximum number of people is defined by specifying or limiting the potential loss of life 

(PLL) for each zone. Therefore, there will be an upper tolerable boundary for each zone, 

as shown in Figure 146, for the maximum individual risk of 3  ×  10!!  per annum and 
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𝑁!"# equal to 10, 100, and 1,000 corresponding to the inner, middle, and outer zones, 

respectively. 

 

Figure 146: Proposed societal risk criteria (Trbojevic, 2005) 

Risk Criteria for the Shipping Industry (Trbojevic, 2006) 

Trbojevic (2006) proposed dual risk criteria for the shipping industry based on a 

goal-setting approach to safety requiring risk in the tolerability region to be as low as 

reasonably practicable (ALARP) within which there is a prescriptive target risk level 

which should not be reached.  The benefits of dual criteria are as follows (p. 35): 

1. The prescriptive approach with a target level that may be preferred in some 

countries is simpler to implement. 

2. The goal-setting principle that is preferred in the U.K., Norway, and the 

Netherlands, which requires risk in the tolerable region to be reduced to a 

level ALARP or as low as reasonably achievable (ALARA), offers more 

flexibility, but requires informed regulators. 
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The proposed individual risk criteria are shown in Figure 147. 

 

Figure 147: Goal-setting (ALARP) and prescriptive individual risk criteria (Trbojevic, 2006) 

Regarding societal risks, Trbojevic (2006) noted that major accidents are very rare 

events, and do not necessarily occur at regular intervals.  Therefore, historical frequencies 

are not by themselves a valuable guide.  He then proposed that the societal risk criteria 

are developed so as to be completely consistent with the individual based on the Equation 

(171). Figure 148 and Figure 149 show the societal risk criteria for 𝑁!"# = 25 and 

𝑁!"# = 1000  respectively. 
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Figure 148: Societal risk criteria for 𝑵𝒎𝒂𝒙   =   𝟐𝟓 and individual risk levels proposed for cargo 

vessels (Trbojevic, 2006) 

 

Figure 149: Societal risk criteria for 𝑵𝒎𝒂𝒙   =   𝟏𝟎𝟎𝟎 and individual risk levels proposed for 

passenger vessels (Trbojevic, 2006) 
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New South Wales Dam Safety Committee (NSW-DSC, 2006) 

The Dam Safety Committee (DSC) mission was to develop and implement 

effective policies and procedures for the regulation of dams’ safety and the regulation of 

mining that could affect the safety of dams or stored waters.  As for individual risks for 

existing dams, the DSC’s limit of tolerability is 1 in 10,000 per annum.   This is the same 

limit of tolerability as that of ANCOLD and of Health and Safety Executive (HSE).  For 

proposed dams and major augmentations, the DSC’s limit of tolerability is 1 in 100,000 

per annum. Again, this is the same as that of ANCOLD.   For all dams and major 

augmentations, the DSC’s negligible risk is 1 in 1,000,000 per annum, which is that of 

the HSE broadly acceptable level of risk. 

For societal risk, the DSC has adopted a negligible level two orders lower than the 

limit of tolerability on the F:N curve.  For risks within the intolerable region of Figure 

150, the DSC position is that such risks are intolerable in nearly all circumstances.  Upon 

application by the owner, where the owner claims that the risks fall within the shaded 

rectangle on Figure 150, the DSC will take into account such factors as the potential 

adverse consequences of a dam failure, the likelihood of such a failure occurring, the 

feasibility of risk reduction and the benefits of the dam to society. Any acceptance by 

DSC of such risks will be by way of exception, in view of the benefits of the dam to the 

wider interests of society, and provided all reasonable risk reduction measures based on 

ALARP. Figure 151 shows the F:N criteria for new dams and major augmentations. 
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Figure 150: Proposed DSC societal risk requirements for existing dams (NSW-DSC, 2006) 

 

Figure 151: DSC societal risk requirements for new dams (NSW-DSC, 2006) 
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New South Wales Land Use Safety Planning Risk Criteria (NSW-DOP, 2008) 

The Department of Planning of New South Wales government (NSW-DOP, 2008) 

has suggested risk assessment criteria to be considered when assessing the land use safety 

implications of industrial development of a potentially hazardous nature.  The suggested 

criteria are equally relevant and applicable to the considerations of land use planning and 

development near potentially hazardous facilities. NSW-DOP (2008)has noted: 

The criteria on tolerability of risks for hazards that are giving rise to societal 

concerns are difficult. Hazards giving rise to such concerns often involve a wide 

range of events with a range of possible outcomes. The summing or integration of 

such risks, or their mutual comparison, may call for the attribution of weighting 

factors for which, at present, no generally agreed values exist as, for example, the 

death of a child as opposed to an elderly person, dying from a dreaded cause, e.g. 

cancer, or the fear of affecting future generations in an irreversible way (p. 10).  

The indicative criteria is shown in Figure 152. 

 

Figure 152: Indicative societal risk criteria (NSW-DOP, 2008) 
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US Army Corps of Engineers Dams (Munger, Bowles, Boyer, Davis, Margo, Moser, 

Regan, & Snorteland, 2009) 

The United States Army, Corps of Engineers (USACE) has developed interim 

tolerable risk guidelines. The guidelines are based on Reclamation (2003), which are 

based on ANCOLD, (2003) and the 2006 adaption of ANCOLD guidelines implemented 

by an Australian regulator, the New South Wales Government Dam Safety Committee 

(NSW DSC).  Three types of life safety risk guidelines are used under the USACE 

tolerable risk guidelines: Individual risk and societal risk, which is expressed in two 

different ways, F:N criterion and Annualized Life Loss (ALL).  

The societal risk criterion presented by F:N chart, displays the entire estimated 

probability distribution of life loss for a reservoir encompassing all failure modes and all 

population exposure scenarios for a particular dam.  The individual risk criterion and the 

F:N societal risk criterion are shown for both existing and new dams in Figure 153 and 

Figure 154. The risk cannot exceed the intolerable line except in exceptional 

circumstances. ‘Except in exceptional circumstances’ (p. 11) refers to a situation in which 

government may determine that risks exceeding the tolerable risk limits may be tolerated 

based on special benefits that the brings to society at large.  

Annualized Life Loss (𝐴𝐿𝐿) is the expected value of the potential life loss 

resulting from dam failure shown in the F:N chart.  The USACE policy for the estimated 

𝐴𝐿𝐿  is (p. 12): 
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• 𝐴𝐿𝐿   >   0.01  𝑙𝑖𝑣𝑒𝑠/𝑦𝑒𝑎𝑟: Risk in this range is unacceptable except in exceptional 

circumstances and is reason for urgent actions to reduce risk. The upper line having a 

slope of -1 shown in Figure 155 represents this criterion.  

• 𝐴𝐿𝐿  𝑏𝑒𝑡𝑤𝑒𝑒𝑛  0.01  𝑎𝑛𝑑  0.001  𝑙𝑖𝑣𝑒𝑠/𝑦𝑒𝑎𝑟: Risk in this range is unacceptable except 

in exceptional circumstances and is reason for actions taken to reduce risk. This is 

represented by the area between the two minus 1 sloping lines in Figure 155.  

• 𝐴𝐿𝐿   <   0.001  𝑙𝑖𝑣𝑒𝑠/𝑦𝑒𝑎𝑟 : Risk in this range may be considered tolerable provided 

the other guidelines are met.  

 

 

Figure 153: (a) Individual risk guidelines and (b) societal risk guidelines for existing dams 

(Munger et al., 2009) 
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Figure 154: (a) Individual and (b) societal risk guideline for new dams (Munger et al., 2009) 

 

Figure 155: f:N Chart for Displaying APF and Annualized Life Loss (Munger et al., 2009) 
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Besides life safety, risk guidelines described above, Annual Probability of Failure 

(APF) regarding the loss of structural integrity of the dam or other project features or 

incidents resulting in an uncontrolled release of reservoir storage should be evaluated.  

The USACE policy for estimated APF is (p. 6): 

• 𝐴𝑃𝐹   >   1  𝑖𝑛  10,000  𝑝𝑒𝑟  𝑦𝑒𝑎𝑟: APF in this range is unacceptable except in 

exceptional circumstances  

• 𝐴𝑃𝐹   <   1  𝑖𝑛  10,000  𝑝𝑒𝑟  𝑦𝑒𝑎𝑟: APF in this range will be considered tolerable 

provided the other tolerable risk guidelines are met.  

HSE (2009a) 

In 2005, the Institution of Chemical Engineers (IChemE) undertook a review of 

the application of Societal Risk Assessment to establishments subject to the Control of 

Major Hazard Installations Regulations 1999 (COMAH).  The purpose was to provide an 

independent review of HSE’s methodology for assessing societal risk (SR) and to provide 

recommendations on how best to assess SR associated with Major Hazard Sites.  The 

review report, completed in 2006, was carried out under conditions of strict 

confidentiality.  Since 2006, a public consultation has been carried out and in 2008, 

ministers agreed for HSE to work with others to include the assessment of societal risk in 

both the regulation of on-shore major hazard installations and in decisions on planning 

for development near such installations.  This review and HSE’s response to it (HSE, 

2009b) were made available along with other relevant reports in April 2009. 

As for calculating and representation of societal risk, both HSE and industry have 

used the methodology based on Quantified Risk Analysis (QRA), with the results 
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expressed graphically as 𝑓:𝑁    or F:N curves or by a Risk Integral. Figure 156 shows the 

HSE graphical comparison between the 𝑓:𝑁  and  F:N plots. 

 

Figure 156: Comparison of the 𝒇:𝒏 scatter plot and the F:N curve (HSE, 2009a) 

The Expectation Value of that event expressed in fatalities per year can be 

calculated for each individual 𝑓!. The summation of these individual values is the 

Expectation Value for the whole installation. This is also described as the Potential Loss 

of Life (PLL) expressed in fatalities per year. The area under the F:N curve can also be 

used to determine the whole installation Expectation Value (EV) or Potential Loss of Life 

(PLL), expressed as fatalities per year. This single value which represents the area below 

the calculated F:N curve is also termed the Risk Integral by the HSE. The Risk Integral 

(RI) can be used for ranking of risk and comparison with criteria of acceptability. HSE 

has also used another method called Weighted Risk Integral developed by Hirst and 

Carter (2002) in which the weighting for risk aversion is incorporated into the calculation 
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of the RI through the following relationship (previously defined in this chapter by 

Equation 142): 

𝑅𝐼!"#$% = 𝑓!  𝑁! (172) 

If 𝛼 = 1, RI is the same as expected value (EV). HSE has chosen 𝛼 = 1.4 

proposed by Hirst and Carter (2002). 

The two methods that are used by HSE for ranking and calculating societal risk 

and comparison with acceptable standards are: 𝐴𝑅𝐼!"#$% and QuickFN. 𝐴𝑅𝐼!"#!"  uses 

the “single worst case” scenario , 𝑁!"#  at  frequency  𝑓(𝑁!"#  ),   with an assumed slope 

of −1 from  𝑁!"# to describe the whole F:N curve as shown in Figure 157.  

 

Figure 157: 𝑨𝑹𝑰𝑪𝑶𝑴𝑨𝑯  methodology (HSE, 2009a) 

According to HSE (2009a),  𝐴𝑅𝐼!"#$% is simple to calculate, but has some severe 

disadvantages.  First, the selection of the “worst case” can undermine the credibility of 

the whole approach.  Second, 𝐴𝑅𝐼!"#$%is based on assumption that all F:N curves 
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approximate to a straight line with a slope of -1 which is not true in reality.  Third, the 

way in which risk aversion is incorporated into𝐴𝑅𝐼!"#$%   is not transparent.  Finally, this 

method reduces the whole assessment to a single number and in doing so loses much of 

the information on the changing nature of the risk across the whole spectrum of events.  

IChemE concluded that: 

The initial screening tool created by HSE,   𝐴𝑅𝐼!"#$%, has serious technical 

limitations, and is difficult to understand. In recognizing these limitations, HSE 

has developed a more sophisticated ranking tool QuickFN, which in the 

Institution’s view should replace   𝐴𝑅𝐼!"#$%. However, IChemE does not believe 

that existing   𝐴𝑅𝐼!"#$% results should be abandoned, and they should continue to 

be used in deciding the priorities for carrying out QuickFN (p. 4).  

In response to the above conclusion of IChemE, HSE (2009a) stated that:  

HSE accepts that   𝐴𝑅𝐼!"#$%has limitations and is difficult to 

understand.    𝐴𝑅𝐼!"#$% is now rarely used by HSE but as a screening tool can 

help decide priorities and in general, if a site appears to present a low societal risk 

using  𝐴𝑅𝐼!"#$% , there will be no further scrutiny. 

As noted above, because of serious technical limitations of 𝐴𝑅𝐼!"#$%, HSE has 

developed a more sophisticated ranking tool called QuickFN explained in HSE (2004a) 

and is based on detailed QRA’s. It uses a number of scenarios occurring between  𝑁!"# 

and 0.1  𝑁!"# to define the low F, high N part of the F:N curve.  A line of slope -1 is used 
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to complete the F:N curve back to the F axis from the tangent of the calculated curve 

(Figure 158). 

 

Figure 158: QuickFN methodology (HSE, 2009a) 

The QuickFN method, although less costly than a full QRA, has similar 

shortcomings to 𝐴𝑅𝐼!"#$% in relating the result in terms of the shape and slope of the 

complete F:N curve, particularly in the area of medium frequency. IChemE concluded 

that: 

Quantified Risk Analysis (QRA) is the most effective way to represent the 

societal risk associated with COMAH installations. However, a full QRA is 

sufficiently resource intensive to make its application disproportionate for low 

risk installations and HSE accepts that such sites may not need to include QRA in 

their COMAH Safety Reports (this includes those sites with minimal off-site 

population). HSE has developed a screening tool, QuickFN, to indicate which 

sites need to undertake their risk assessments in greater depth. It has also been 
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used by the HSE to indicate where existing off-site development may be a 

problem. These uses of QuickFN are considered to be wholly appropriate. HSE 

(2009a) accepts this view of QuickFN and also welcomes the implication that 

QRA should be expected for higher risk installations (p. 5). 

HSE (2009b) 

HSE (2009b) summarized the history of events, documents, and legislations 

related to societal risk as listed in Table 29. The Societal Risk Technical Advisory Group 

is made up of a small number of academic, industry and government specialists who have 

been asked to advise HSE and departments on matters regarding on estimation of societal 

risk from on-shore, non-nuclear, major hazard installations.  HSE (2009c) report captures 

technical issues which need to be resolved prior to the development and implementation 

of any system for explicit attention to societal risk in the application of the Control of 

Major Accident Hazards Regulations (COMAH) and land-use planning (LUP). 

HSE (2009b) summarized the different measures to represent societal risk as follows: 

• F:N Curves: “FN curves cannot easily be compared with one another for the purpose 

of ranking (judging which curve represents the higher overall societal risk). Although 

all FN curves have a generally similar shape, the detail can be very different. The 

need for ranking and the substantial resource requirements of generating FN curves, 

resulted in HSE developing more efficient approximate techniques to sum up the 

societal risk for each site and represent it as a single number, thus allowing 

comparison and ranking” (p. 18). 
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• Expectation value, EV or potential loss of life, PLL: “The EV or PLL, sometimes also 

called the average Rate Of Death (ROD), is useful in Cost Benefit Analysis and 

ALARP demonstrations as it can be multiplied by the Value of a Statistical Life… to 

determine the value of the benefit that could be gained by reducing the risk” (p. 19). 

• Risk integral, RI and the scale aversion index, α: RI can weight the value for N in a 

way that when N increases, the RI contribution increases at a faster rate. 

Mathematically terms N is raised to a power α (the scale aversion index or ‘factor’) in 

𝑓! .𝑁! .  HSE’s approach in ranking sites for attention has been to use an index of 

1.4, giving a risk indicator known as 𝑅𝐼!"#$% (previously defined in Equation 142 

and Equation 172): 

𝐼𝑅!"#$% = 𝑓! .𝑁!   𝑤ℎ𝑒𝑟𝑒  𝛼 = 1.4 (173) 

• A proposed risk integral for land-use planning (𝑅𝐼!"#) uses a higher degree of scale 

aversion, more consistent with HSE’s other LUP positions: 

𝐼𝑅!"# = 𝑓! .𝑁!   𝑤ℎ𝑒𝑟𝑒  𝛼 = 2 (174) 

HSE also summarizes the techniques used in approximating the societal risk as follows: 

• Approximate risk integral, 𝐴𝑅𝐼!"#$%: As explained in detail in Hirst & Carter (2002) 

the use of 𝐴𝑅𝐼!"#$% requires only the frequency of the worst-case scenario and the 

maximum number of persons harmed. This method provides a rough but rapid 

indication of the magnitude of societal risks at, and in the vicinity of, a major accident 

hazard installation. 



 
291 

For omni-directional case (as defined before in Equation 147): 

𝐴𝑅𝐼!"#$% = 𝑓!!"# .𝑁!"#
𝑁!!!

𝑁 + 1

!!"#!!

!!!

+ 𝑁!"#!!!  (175) 

 For uni-directional cases (as defined before in Equation 151):  

𝐴𝑅𝐼!"#$% = 𝑓!!"# .𝑁!"#
! 𝑁!!!

!!"#

!!!

 (176) 

• QuickFN: As explained in HSE (2004a), it uses a number of scenarios occurring 

between 𝑁!"!and 0.1  𝑁!"# that are specific to the hazardous material and type of 

installation to define the low F, high N part of the F:N curve. A line of slope -1 is 

from the tangent to this calculated curve back to the F axis. QuickFN removes some, 

but not all, of the uncertainties of 𝐴𝑅𝐼!"#$% and is far quicker and less costly than a 

full QRA. It also much less sensitive to estimates of 𝑓 𝑁!"#   and of 𝑁!"#.  

• ‘Full’ Quantified Risk Analysis (QRA): A ‘Full QRA’ considers all scenarios without 

pre selection, which removes the additional uncertainties of short-cut methods such as 

𝐴𝑅𝐼!"#$%   and QuickFN. 

Figure 159 presents a comparison between various societal criteria developed in 

UK by HSE since 1976 till 2009. 
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Table 29: Timeline for key events, legislation and developments in onshore, nonnuclear hazard 

regulation in Great Britain regarding societal risk (HSE, 2009b) 
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Figure 159: HSE various societal criteria since 1976 till 2009 

Acceptable Criteria in Denmark and the EU (Duijm, 2009) 

In connection with an environmental and emergency-planning review of major 

hazard establishments in Denmark, the Danish Emergency Management Agency, the 

Agency for Spatial and Environmental Planning, and the Environmental Protection 

Agency decided to investigate the use of acceptance criteria for risk to third parties in 

other EU countries, and compare these with Danish criteria. Duijm (2009) of Danish 

Ministry of the Environment reports the results from a review of this information, and 

makes comparisons with the situation in Denmark. 
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The most important Danish study reflecting developments in the practice of risk 

analysis and acceptance in Denmark is known as ‘Environment Project 112’ (Taylor et 

al., 1989). Acceptance criteria for societal risk are shown in Figure 160. This figure 

shows the ‘grey zone’ within which the ALARA principle should be used, extending over 

a frequency factor of 100. (Duijm, 2009) denotes that his report views ALARA (As Low 

As Reasonably Achievable) and ALARP (As Low As Reasonably Practical) as 

synonyms. The report denotes that slope of 2 on a logarithmic scale matches practical 

situations based observations of accidents and results of risk analyses. 

 

 

Figure 160: Acceptance criteria for societal risk, according to Environment Project 112 

(Duijm, 2009) 

Figure 161 is a combined presentation of acceptance criteria for societal risk in 

Denmark in accordance with Environment Project 112, including the grey ALARA area, 
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Flanders, the Netherlands and the United Kingdom (indication of an unacceptable 

societal risk). 

 

Figure 161: Acceptance criteria for societal risk in Denmark, Flanders, Netherlands, and UK 

(Duijm, 2009) 

Figure 162 compares different societal risk criteria such as ANCOLD, Australian 

Geomechanics Society, NSW, Denmark, UK, European Commission, , Belgium, 

Netherlands, Hong Kong, and UK (Nadim, 2012). 

 



 
296 

 

Figure 162: Comparison of societal risk criteria (Nadim, 2012) 

Austrian Guideline for the Transport of Dangerous Goods (Diernhofer, Kohl, & 

Horhan, 2010) 

To calculate the risks involved in transporting DG an international accepted risk 

analysis model called DG-QRAM is applied by Austrian Road Tunnel Safety Law. The 

risk model was developed on behalf of OECD/PIARC and is widely used on an 

international basis. The societal risk assessment is based upon a defined assessment 

criterion in the F:N diagram. This reference line was calculated by the following formula: 

𝐹𝑜𝑟  𝑁 ≥ 10  𝑓𝑎𝑡𝑎𝑙𝑖𝑡𝑖𝑒𝑠:𝐹! =
10!!

𝑁!     𝑓𝑜𝑟  1  𝑘𝑚  𝑜𝑓  𝑡𝑢𝑛𝑛𝑒𝑙   (177) 
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For the assessment criterion to be used in the F:N diagram, an adjustment for the 

length of the tunnel had to be made as follows: 

𝐹𝑜𝑟  𝑁 ≥ 10  𝑓𝑎𝑡𝑎𝑙𝑖𝑡𝑖𝑒𝑠:𝐹! =
10!!

𝑁!     𝐿!.!          𝐿 = 𝑡𝑢𝑛𝑛𝑒𝑙  𝑙𝑒𝑛𝑔𝑡ℎ  (𝑘𝑚)   (178) 

An example of the assessment criterion line in the F:N diagram is shown in 

Figure 163. 

 

Figure 163: Reference line as assessment criterion in the F:N diagram (Diernhofer et al., 2010) 
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Chapter 4: Current Societal Risks  

Natural vs. Man-Made Risks 

Proske (2008) notes that although the classification of disasters based on their 

primary causes is an often-used technique in risk analysis, subdividing the risk into 

distinct categories is never possible.  Disasters that are commonly accepted as natural 

disasters include some social and technical failures and most social disasters are not 

entirely human-made, but include some natural components.  Proske (2008) lists two 

different classifications of risks as follows: 

Two examples of classification of risks into distinct categories according to 

Proske (2008) are as follows: 

• Natural 

• Natech (natural hazards triggering technical disasters) 

• Man-mad  

• Deliberate acts 

Or 

• Natural (volcano, hurricane, earthquake…) 

• Technical (dam failure, car accident…) 

• Health (AIDS, heart attack…) 
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• Social (suicide, war…) 

Karger (1996) shows that people consider a human component for virtually all 

types of disasters (Figure 164). 

 

 

Figure 164: Perception of causes of disasters (Karger, 1996) 

Smith (1996) shows another way of classifying risks, which classifies disasters 

and risks not only according to natural and man-made influence but also according to the 

voluntariness, and intensity of the disasters (Figure 165). 
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Figure 165: Classification of causes of disasters (Smith, 1996) 

Woo (1999) notes that in drawing up taxonomy of natural hazards, identification 

of cause and effects and the causal association between hazardous events should be made 

clear.  The occurrence of a natural hazard event may be tenuously but causally connected 

with a prior event, which could have happened in a different time and place.  The 

secondary hazardous consequences that might be directly caused by the primary natural 

hazards are shown in Figure 166.  The association between these pairs of events is 

physically clear and the precise dynamical mechanism of causation is understood. Figure 

167 shows secondary hazardous consequences, which might occasionally, if tenuously, 

be triggered by a primary event.  The association between these pairs of event is 

physically tenuous, and the precise dynamical mechanism of the trigger is typically 

obscure.  
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Figure 166: Secondary hazard consequences, which may be directly caused by a primary 

hazard event (Woo, 1999) 

 

Figure 167: Secondary hazard consequences, which might potentially be triggered by the 

occurrence of a  primary hazard event (Woo, 1999) 
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Earthquakes 

Historically, earthquakes occur principally in three large zones of the earth.  The 

world's greatest earthquake belt, the circum-Pacific seismic belt, is found along the rim of 

the Pacific Ocean, where about 81 percent of the world's largest earthquakes occur.  This 

belt extends from Chile, northward along the South American coast through Central 

America, Mexico, the West Coast of the United States, and the southern part of Alaska, 

through the Aleutian Islands to Japan, the Philippine Islands, New Guinea, the island 

groups of the Southwest Pacific, and to New Zealand.  The second important belt, the 

Alpide, extends from Java to Sumatra through the Himalayas, the Mediterranean, and out 

into the Atlantic.  The third prominent belt follows the submerged mid-Atlantic ridge that 

splits nearly the entire Atlantic Ocean north to south (U.S. Geological Survey [USGS], 

2011a) 

It is estimated that there are 500,000 detectable earthquakes in the world each 

year. 100,000 of those can be felt, and 100 of them cause damage.  Although it may seem 

that there are more earthquakes, earthquakes of magnitude 7.0 or greater have remained 

constant throughout this century and have actually seemed to decrease in recent years. 

There are several reasons for the perception that the number of earthquakes, in general, 

and particularly destructive earthquakes is increasing (USGS, 2011a): (1) There has been 

a tremendous increase in the number of seismograph stations in the world and the many 

improvements in global communications.  (2) While the number of large earthquakes is 

constant, population density in earthquake-prone areas is constantly increasing.  (3) 

Communication, globally has improved. 
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According to USGS (2011a), the largest recorded earthquake in the world was a 

magnitude 9.5 (Mw) in Chile on May 22, 1960.  The world’s deadliest recorded 

earthquake occurred in 1556 in central China.  It struck a region where most people lived 

in caves carved from soft rock.  These dwellings collapsed during the earthquake, killing 

an estimated 830,000 people.  In 1976, another deadly earthquake struck in Tangshan, 

China, where more than 250,000 people were killed.  The deadliest earthquakes from 

1900 to 2011 according to USGS (2011a) are plotted in Figure 168.  The deadliest 

earthquakes of all times with fatalities more than 50,000 are represented graphically in 

the same figure for comparison.  

 

Figure 168: F:N curve for the deadliest earthquakes from 1900 to 2011 and deadliest 

earthquakes of all times with fatalities more than 50,000 deaths  based on data from USGS 

(2011a) 
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According to United States Geological Survey (USGS, 2011), the largest recorded 

earthquake in the United States was a magnitude 9.2 that struck Prince William Sound, 

Alaska on March 28, 1964.  Florida and North Dakota have the smallest number of 

earthquakes in the United States.  Each year the southern California area has about 

10,000 earthquakes.  Most of them are so small that they are not felt.  Only several 

hundred are greater than magnitude 3.0, and only about 15-20 are greater than magnitude 

4.0. Figure 169 shows the F:N curves  based on U.S. historical data regarding earthquake 

fatalities. Figure 170 is the comparison of the F:N curves between US and world’s 

earthquake fatalities. 

 

Figure 169: F:N curve for the deadly earthquakes in U.S.  (Based on data from USGS 2011) 
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Figure 170: Comparison between the F:N curves for the world’s deadliest earthquakes of all 

times and deadly earthquakes in U.S. 

Floods  

Besides earthquakes, floods are the biggest natural hazard in terms of fatalities in 

the world.  The biggest flood ever was Henan Flood in China in 1887, which had a death 

toll between 900,000 to 1.5 million lives (Proske, 2008).  According to a recent National 

Weather Service assessment examining 10 yr. of weather-related fatality data for floods 

(whether originating because of heavy rain, snowmelt, structural failure, or a combination 

of these factors) are the second deadliest (in comparison with heat) of all weather-related 

hazards in the United States (Ashley & Ashley, 2007). 

Floods are classified into three main categories: flash flooding, river flooding, and 

coastal flooding (French & Holt 1989). Flash flooding is defined by the NWS as “a flood 

that rises and falls quite rapidly, usually as a result of intense rainfall over a small area, in 
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a short amount of time, usually under 6 hours,”.   River flooding is defined as “the rise of 

a river to an elevation such that the river overflows its natural banks causing or 

threatening damage,” . Coastal flooding pertains to “flooding which occurs from storms 

where water is driven onto land from an adjacent body of water” .  Coastal flooding , 

generated from storms on a variety of scales, including a local thunderstorm to large 

midlatitude cyclones such as northeasters or tropical systems such as hurricanes (Ashley 

& Ashley, 2007). Figure 171 plots the F:N curve for fatalities resulted from floods and 

tidal waves all around the world, excluding the ones resulted from hurricanes and tropical 

storms. In Figure 172, The F:N curves for flood fatalities since 1900 in US and around 

the world are being compared. 

 

Figure 171: Comparison between the F:N curves for the world’s deadliest floods since 838 

A.D. and 1900 
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Figure 172: F:N curves for U.S. flood fatalities and the world’s flood fatalities since 1900 

Cyclones, Hurricanes, and Typhoons 

A cyclone is a circulating weather system.  In the Northern Hemisphere, the 

rotation of the Earth makes air move in an anti-clockwise direction around a low-pressure 

system.  In the Southern Hemisphere, the motion is clockwise.  Tropical cyclones form 

over ocean waters within the equatorial region between the Tropics of Capricorn and 

Cancer. Sub-tropical cyclones, which develop outside the tropics from mid-latitude low-

pressure systems, can also turn into tropical cyclones, because of thunderstorms within 

their centers (Woo, 2008).  Storms that originate over tropical waters have different 

names in different parts of the world.  They are called hurricanes in the north Atlantic and 

Pacific oceans; typhoons in the Asian Pacific; and cyclones in the Indian Ocean and 

elsewhere.  A hurricane or typhoon is a system with sustained winds of at least 33 meters 

per second (64 km) or 74 miles per hour (119 km/h) (NWS, 2006).  The dangers come 
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from a number of directions.  Heavy rains can bring floods, as can storm surges — walls 

of water that can overwhelm coast areas.  Winds, ranging from 120 km/hr to more than 

250 km/h, can flatten buildings and devastate entire cities.  In Figure 173, the F:N curves 

for the world’s deadliest hurricanes since 1775 and 1900 have been plotted.  In Figure 

174, the F:N curves for U.S. hurricanes since 1851 and 1900 have been ploted and 

compared.  Figure 175 compares the F:N  curves for U.S. hurricanes and world’s deadly 

hurricanes since 1900. 

 

Figure 173: F:N curves for world hurricane fatalities 

0.001 

0.01 

0.1 

1 

1 10 100 1000 10000 100000 1000000 

Fr
eq

ue
nc

y 
of

 E
ve

nt
s 

w
ith

 N
 o

r m
or

e 
Fa

ta
lit

ie
s 

Pe
r Y

ea
r 

N, Number of Fatalities 

World Hurricanes Since 1900 

World Hurricanes Since 1775 



 
309 

 

Figure 174: F:N curves for U.S. hurricane fatalities since 1851 and 1900 

 

Figure 175: Comparison between the F:N curves for U.S. hurricane fatalities  and the world’s 

hurricane fatalities since 1900 
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Tornados 

According to the Glossary of Meteorology a tornado is "a violently rotating 

column of air, pendant from a cumuliform cloud or underneath a cumuliform cloud, and 

often (but not always) visible as a funnel cloud” (American Meteorological Society 

[AMS], 2011).  In order for a vortex to be classified as a tornado, it must be in contact 

with the ground and the cloud base.  A tornado is not a storm system in itself, but rather 

an offspring of a thunderstorm.  The potential energy stored within a parent thunderstorm 

is not a direct major hazard, but when converted into kinetic energy close to the surface, 

enormous damage can be inflicted on communities that happen to be nearby (Woo, 

1999).  Figure 176 presents the F:N curves for tornado related fatalities all around the 

world since 1838  and 1900. 

 

Figure 176: F:N curves for world’s tornado fatalities  since 1838 and 1900 
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The United States has the highest rate of tornadoes occurrences in the world.  

Over the last 50 years, the number of tornadoes reported in the United States has doubled 

from about 600 per year in the 1950s to around 1200 in the 2000s (Verbout, Brooks, 

Leslie, & Schultz, 2006). Nearly a third of these tornadoes occur in the states of Texas, 

Oklahoma, Kansas, and Nebraska, an area known as Tornado Alley.  Over 55% of a 

year’s tornadoes occur between the months of April and June, when cool dry air from 

Canada clashes with warm moist air from the Gulf of Mexico.  These ingredients, when 

combined with a storm system, generate strong to severe thunderstorms and, in some 

cases, tornadoes (AON, 2004).  Figure 177, presents the F:N curves for tornado related 

fatalities in United States since 1814  and 1900.  Figure 178 compares the F:N curves for 

U.S. tornado fatalities with the world tornado fatalities since 1900. 

 

Figure 177::N curves for U.S. tornado fatalities since 1814 and 1900 

0.001 

0.01 

0.1 

1 

10 

1 10 100 1000 10000 100000 1000000 

Fr
eq

ue
nc

y 
of

 E
ve

nt
s 

w
ith

 N
 o

r m
or

e 
Fa

ta
lit

ie
s 

Pe
r Y

ea
r 

N, Number of Fatalities 

US Tornados Since 1814 

US Tornados Since 1900 



 
312 

 

 

Figure 178: F:N curves for U.S. tornado fatalities and the world tornado fatalities since 1900 

Tsunamis 

Tsunami is a set of ocean waves caused by any large, abrupt disturbance of the 

sea-surface.  The word tsunami is a Japanese word, represented by two characters: tsu, 

meaning, "harbor", and nami meaning, "wave".  Earthquakes in marine and coastal 

regions are the most common cause of tsunamis.  Major tsunamis are produced by large 

(greater than 7 on the Richer scale), shallow focus (< 30km depth in the earth) 

earthquakes associated with the movement of oceanic and continental plates in the 

Pacific.  During the 2004 earthquake (magnitude 9.3) in Indonesia, the movement of the 

seafloor produced a tsunami in excess of 30 meters (100 feet) along the adjacent coastline 

killing more than 240,000 people.  This tsunami radiated outward and within 2 hours had 

claimed 58,000 lives in Thailand, Sri Lanka, and India. Underwater landslides associated 
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with smaller earthquakes can also cause destructive tsunamis.  The tsunami that 

devastated the northwestern coast of Papua New Guinea on July 17, 1998, was generated 

by an earthquake that registered 7.0 on the Richter scale that apparently triggered a large 

underwater landslide (National Oceanic and Atmospheric Administration [NOAA], 

2011a).  Figure 179 represents the F:N curves for tsunami related fatalities in the world 

since 1700 and 1900. 

 

Figure 179: The F:N curves for the world’s deadliest tsunamis since 1700 and 1900 

Volcanic Eruptions 
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pressure from gases within the molten rock becomes too great, an eruption occurs, which 

can be quiet or explosive.  The eruption might result in lava flows, flattened landscapes, 
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poisonous gases, and flying rock and ash.  Volcanic eruptions can be accompanied by 

other natural hazards, including earthquakes, mudflows and flash floods, rock falls and 

landslides, acid rain, fire, and (under special conditions) tsunamis (FEMA, 2011). 

Volcanic eruptions have claimed more than 266,000 lives in the past 400 years. 

Fatalities occurred in about 5% of all eruptions, with 1 out of 6 of the world's active 

volcanoes having caused death.  More than 500 active volcanoes in the world have 

erupted at least once within recorded history. 50 of these active volcanoes are located in 

the United States (Hawaii, Alaska, Washington, Oregon, and California. Most active 

volcanoes are located along, or near, the margins of the continents, and more than half en 

circle the Pacific Ocean as a "Ring of Fire" (USGS, 2011c). Figure 180 shows the F:N 

curves for the volcanic eruption fatalities all around the world since 1548 and 1900. 

 

Figure 180: The F:N curves for the world’s deadliest volcano eruptions since 1548 and 1900 
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Blizzards 

According to NOAA (2011b), blizzards are dangerous winter storms that are a 

combination of blowing snow and wind resulting in very low visibilities.  Although 

heavy snowfalls and severe cold often accompany blizzards, in the absence of snowfall 

strong winds might pick up snow that has already fallen, creating a ground blizzard.  

Officially, the National Weather Service (NWS, 2011c) defines a blizzard as a 

storm which contains large amounts of snow or blowing snow, with winds in excess of 35 

mph and visibilities of less than 1/4 mile for an extended period of time (at least 3 hours).  

By definition, the difference between blizzard and a snowstorm is the strength of the 

blowing wind. 

Blizzards can create fatalities in different ways.  Traveling by automobile can 

become difficult or even impossible due to "whiteout" conditions and drifting snow.  The 

strong winds and cold temperatures accompanying blizzards can combine to create 

another danger.  During blizzards, with the combination of cold temperatures and strong 

winds, very low wind chill values the exposure to such, which can result in frostbite or 

hypothermia.  Snowmobile-related deaths and deaths from over-exertion and heart 

attacks primarily due to shoveling snow are also caused during blizzards. Figure 181 

compares the F:N curves for historical deadly blizzards in the U.S. and all around the 

world. 
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Figure 181: The F:N curves for the deadly blizzards in the U.S. and all around the world since 

1888 

Overloading is an important trigger, the weight of the snow increases until it 

overcomes cohesion to the snow pack underneath.  Temperature has an effect on the 

cohesion of snow; a rise in temperature weakens the bonds creating weakness, while a 

fall in temperature increases the brittleness and tension of a slab. Slopes flatter than 25 

degrees or steeper than 60 degrees typically have a low risk of avalanche.  Snow does not 

accumulate significantly on steep slope and snow does not flow easily on flat slopes.  The 

critical angle, the angle at which the human incidence of avalanches is greatest, is 38 

degrees.  Snow pack conditions is a significant factor, as the layers below the upper snow 

cannot be seen and it is difficult to assess whether the slope is likely to fail.  Vibration is 

a physical trigger cause by thunder, a gunshot, by explosions or other loud noises such as 

shouting.  Earthquakes can start avalanches, as well as noise from heavy machinery. 
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Layers within the snowpack are the first thing that avalanche forecasters look at to 

try to predict the stability of a slope and its potential to slide.  Different storms create 

distinct types and amounts of snow.  Once the snow settles onto the existing snowpack, it 

can quickly metamorphose into distinct crystal types, which are determined both by 

changes in temperature and whether or not the snow is exposed to the sun.Figure 182 and 

Figure 183 present the F:N curve for avalanche related fatalities all around the world and 

the U.S. respectively (Avalanche.org, 2011). 

 

Figure 182: The F:N curves for the avalanche fatalities in the world since 1613 and 1903 
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Figure 183: The F:N curves for the avalanche related fatalities in the U.S. since  1998 

Aviation Incidents 

Figure 184 and Figure 185 represent the F:N curve for aviation related fatalities 

all around the world and the U.S. respectively (Aviation Safety Network, 2011). They 

also shows the F:N plots for ground fatalities caused by plane crashes. 

0.001 

0.01 

0.1 

1 

10 

100 

1 10 100 1000 10000 100000 1000000 

Fr
eq

ue
nc

y 
of

 e
ve

nt
s 

w
ith

 N
 o

r M
or

e 
Fa

ta
lit

ie
s 

Pe
r 

Ye
ar

 

N, Number of Fatalities 

US Deadly Avalanches Since 1998 



 
319 

 

Figure 184: The F:N curves for the aviation related fatalities in the world since 1920 

 

Figure 185: The F:N curves for the aviation related fatalities in the US since 1930 
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Dam Failures 

Dam failures are of great concern because of the destructive power of the flood 

that would be released by the collapse of the dam.   It causes more death and destruction 

than the failure of any other man-made structure.  These failures occur because of the 

following main reasons (Woodward, 2011): 

a. Failure to Provide adequate spillway capacity: An example is the South Fork dam 

failure in Pennsylvania in 1889. The released mass of water swept down the valley 

causing what is often referred to as the ‘Johnstown Flood´ with a death toll of about 

2000 lives. 

b. Defective foundation: An example was the St. Francis dam in San Francisco that 

failed in 1928, two years after its completion. It had a death toll of 426 lives. After the 

failure it was found that some of the foundation rock, a conglomerate, disintegrated 

when the rock was immersed in water so that the rock lost all its strength when 

saturated 

c. Faults in construction methods: For example, inadequate compaction or use of wrong 

type of construction materials may lead to internal erosion or piping failures of 

embankment dams. An example is what happened at the Teton dam failure in Idaho 

in 1976. 

d. Landslides, which fall into storage reservoir, sending a wave of water over the top of 

the dam, can cause failure or the dam may survive but the flood still occurs 

devastating the downstream valley. This is what happened at the Vaiont dam in Italy 

in 1963 and killed 1900 people. 
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e. Earthquakes can certainly cause damage to dam but complete failure of a large dam 

due to earthquake damage is rare. The Lower San Fernando Dam in California, USA 

did fail during an earthquake in 1971. 

f. There are also seepage failures especially in earth dams. 

g. Figure 186 plots the F:N curve for dam failure related fatalities all around the world 

and in the  U.S. (McCully, 2001 and ACDSO, 2011). 

 

Figure 186. The F:N curve for dam failure related fatalities all around the world since 1802 

and in the U.S. since 1869 
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Industrial Accidents: 

 

Figure 187 : The F:N curve for industrial accident related fatalities all around the world since 

1802 and in the US since 1860 

Maritime Accidents: 

 

Figure 188: The F:N curve for maritime accidents fatalities all around the world since 1805 

and 1900 
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Figure 189: The F:N curve for maritime accidents fatalities in the U.S. since 1837 and 1900 

 

Figure 190: The F:N curve for maritime accidents fatalities all around the world and in U.S. 

since 1900 
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Train Accidents 

 

Figure 191: The F:N curve for train accident fatalities all around the US since 1837 and in the 

U.S. since 1900 

Explosions: 

 

Figure 192: The F:N curve for explosion fatalities all around the world since 1900 
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Structural Fires: 

 

Figure 193: The F:N curve for structural fire fatalities all around the world since 1900 

Structural Collapse: 

 

Figure 194: The F:N curve for structural collapse fatalities all around the world since 1900 
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Natural and Man-Made F:N Curves in United States 

 

 

Figure 195: The F:N curve for natural disaster fatalities in the U.S. since 1900 
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Figure 196: The F:N curve for man-made disaster fatalities in the U.S. since 1900 

Using Historical Patterns for Risk Acceptance 

According to various authors such as Starr (1969), Okrent & Whipple (1977) and  

Ferreira & Slesin (1976), one way to determine the society's willingness to accept 

different risks is to observe the frequency of occurrence of various types of accidents and 

regard them to be implied preferences (also called revealed preferences).  .  The intention 

of this dissertation is to recommend a national scale risk criteria that comes from 

interpretation of past risk-taking patterns (revealed preferences).  As for local scale risk 

acceptance, criteria, the assumption is that increasing benefits justify increasing risk and 

the criterion limits will be based on subjective evaluations of achievable levels of safety 

based on cost-benefit analysis.  
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Starr (1969) illustrated the potential usefulness of revealed preferences (historical 

patterns) by examining the relationship between risk and benefit across a number of 

common activities.  Starr noted that his analysis was based on two assumptions. The first 

was that “historical national accident records are adequate for revealing consistent 

patterns of fatalities in the public use of technology” (p. 1232). The second assumption 

was that “such historical revealed social preferences and cost are sufficiently enduring to 

permit their use for predictive purposes” (p. 1232). There are several drawbacks to the 

revealed preference methodology.  It assumes that past behavior is a valid indicator of 

present preferences (Fischhoff, Slovic, Lichtenstein, Read, & Comb 1978).  However, 

Starr and his colleagues acknowledged, the societal value system fluctuates with time. 

Furthermore, Starr's approach does not distinguish what is 'best' for society from what is 

'traditionally acceptable'. What is accepted in the market place may not accurately reflect 

the public's safety preferences (Fischhoff et al, 1978).  Finally, a revealed preference 

approach assumes that people not only have full information, but also can use that 

information optimally, an assumption which seems quite doubtful in the light of recent 

research into the psychology of decision making (Slovic, Fischhoff, & Lichtenstein, 

1977). 

Beattie and Bell (1973) suggest that the appropriate limits to the effort and 

expenditure allotted to nuclear reactor safety can be judged in part from comparisons 

with other risks run by individual members of the public in the course of everyday life.  

They compared the societal risk (thyroid cancers, not all of which results in deaths) from 

a program of 30 reactors on semi-urban sites in UK is compared to the F:N curves from a 

natural background risk.  The authors used the risk that arises from the bombardment of 
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the earth by meteorites and used the societal risk to the people on the ground from a plane 

crash, excluding the number of people in the aircraft.   

The Reactor Safety Study, WASH-1400 (U.S. Nuclear Regulatory Commission, 

1975) compare the nuclear reactor accident risks predicted for the 100 plants expected to 

be operating by 1980 with risks from other man-made and natural catastrophes to which 

society is already exposed. Although Rasmussen goes to some length to make it clear that 

he is not proposing a criterion in Wash-1400 (1975), his study was used as a yardstick by 

many later studies regarding societal risk.  

In order to determine society’s willingness to accept various risks, Ferreira & 

Slesin (1976) studied the consequence and frequency of occurrence of deaths due to fires, 

natural hazards, mining disasters, and transportation accidents.  Ferreira & Slesin (1976) 

regarded these data as implied preferences, accounting for the effect of the other factors, 

such as technological development, varieties of social customs, and explicit safety 

programs.  From their point of view, society systematically effects the frequency and 

consequence of all accidents using such measures as governmental regulations, safety 

codes, land use restriction, etc. and public policies change the slope and intercept of the 

F:N line, the straight line on log-log plane that is obtained by regression using historical 

data, simultaneously.  Ferreira and Slesin noted that the fact that natural hazard F:N line 

is less steep than the man-made hazards supports the hypothesis that F:N curves slopes 

reflect societal preferences.  The rationale was that natural hazards are members of a 

class of events whose frequency cannot be regulated and the society can only control the 

consequences. 
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Explaining that risk aversion refers to weighing of severe accidents in such a way 

to predict a higher social cost for severe accidents than for less severe accidents. Okrent 

& Whipple (1977) suggested that the nature and the weight should be given to this effect 

by examining the historical relationship between accident frequency and magnitude.  

Although they mentioned that the F:N curve obtained from historical data does not 

necessarily represent a value system, but they suggested that it can be used for 

establishment of the background against which new risks can be compared.  

As Okrent & Whipple (1977) noted, no single method can be considered to be a 

basis for a complete definition of what constitutes an acceptable risk, but  in conjunction 

with each other, they can serve as an input to a judgment for risk acceptability criteria. 

No method is likely to completely resolve the issue of balancing social costs and benefits, 

and the equitable distribution of those costs and benefits, but what can be achieved by 

using such methods is further consistencies in risk reduction decisions. 

Kinchin, (1978), in attempt to define a set of criteria for societal risks from 

nuclear power plants in UK, demonstrated the probabilities of different numbers of 

deaths in the UK due to meteorites, fires, railway accidents, and aircraft crashes.  He then 

proposed a criterion that total risk from 100 nuclear reactors, considering early deaths 

only, should be roughly comparable with that from meteorites, though it is not explicitly 

stated in his paper (Levine & Stetson, 1986). 

 Griesmeyer, Simpson, & Okrent (1979) in an attempt to calculate societal risk 

aversion, assume historical frequency versus magnitude reflect societal preferences.  

However, they mention that the risk fall off the F:N curve does not immediately imply a 
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social value system. Other factors such as cost prevention, number of situation leading to 

rare large consequence incidents, economy of scale in risk reduction means, or other 

economic consideration that leads to less societal risk could affect the shape of F:N 

curves.  Using the results of Reactor Safety Study, WASH-1400 (U.S. Nuclear Regulatory 

Commission, 1975), Griesmeyer at al concluded that the reactor could be accepted with a 

𝑓:𝑁  criterion limit line having a negative slope of −1.2 on  log-log coordinates. Later, 

Griesmeyer & Okrent (1981) and Okrent et al (1981) used the 𝛼 = 1.2 factor to calculate 

the equivalent social cost and limit the societal risk from light water reactors.  

Levine (1980) suggested that in establishing criteria for nuclear risks, if they 

amount to 1% of the total of all man-made risks as identified in WASH-1400, such risks 

are not considered significant.  Considering the fact that nuclear accidents are relatively 

new and are poorly understood by most people, Levine proposed a safety goal at one-

tenth of the lowest nonnuclear risk reported in Reactor Safety Study, WASH-1400 (U.S. 

Nuclear Regulatory Commission, 1975).  

To limit the societal risk,  ACRS (1980) based the value for delayed fatalities on a 

comparison with the estimated number of casualties from the operation of coal fired 

plants of equal size.  

In the AIF (1981) societal risk criterion proposal, the proposed value of 1 

fatality/year/1000 MWe plant is compared favorably with society’s burden from many 

other existing risks such as motor vehicle accidents, fires and electrocution. It is also 

observed to be comparable with the population health effects of electric power produced 

from coal, oil, or hydroelectric dams. 
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For societal risk, Joksimovich & O’Donnell (1980) discussed only delayed risks. 

They argued that following a large accident, society would be willing to accept a small 

fractional increase in the overall “spontaneous” cancer rate (e.g. an 0.01− 0.1% increase 

would yield 32− 325 increased cases). This limit was set at a frequency of 

10!! 𝑟𝑒𝑐𝑎𝑡𝑜𝑟  𝑦𝑒𝑎𝑟. Joksimovich and O’Donnell (1980) construct their societal goal 

line through this point with a risk aversion factor against larger risks of the power minus 

1.5.  This goal was proposed for a society, which does not give undue weight to the 

cancer source being radiation.  If society decides to emphasize radiation risks above other 

risks, a line of the same slope is proposed, but through the point 0.1 extra cancer cases at 

10!! 𝑟𝑒𝑐𝑎𝑡𝑜𝑟  𝑦𝑒𝑎𝑟.  They noted that the Three Mile Island accident consequences lie 

between these lines. 

U.S. Nuclear Regulatory Commission (1986) proposed that: (1) the risk to an 

average individual in the vicinity of a nuclear power plant of prompt fatalities that might 

result from reactor accidents should not exceed one-tenth of 1%  (0.1%) of the sum of 

prompt fatality risks resulting from other accidents to which members of the U.S. 

population are generally exposed, and (2) the risk to the population in the area near a 

nuclear power plant of cancer fatalities that might result from nuclear power plant 

operation should not exceed one-tenth of 1%  (0.1%) of the sum of cancer fatality risks 

resulting from all other causes (p. 3). 

Higson (1978), in an attempt to propose a set of societal risk criteria, used the F:N 

plots of Reactor Safety Study, WASH-1400 (U.S. Nuclear Regulatory Commission, 

1975).  He suggested enclosing all the F:N curves from man-made and natural hazards 

with two straight lines on log-log plane.  He then scaled down these criteria to the size of 
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population of the United Kingdom to compare them with the risk from 28 nuclear 

reactors all conforming to Farmer’s criterion on rural-industrial sites and the risks from 

chemical plants on Canvey Island.  His proposed safety criteria for Australia were 

obtained by scaling down the set of criteria mentioned above to the population of 

Australia at the time, approximately 15 million people.  Higson (1985) scaled down his 

1978 proposed criteria to a population of one million, assuming that for a 1000-MW(e) 

nuclear power station, a population of approximately one million people is at greatest 

risk.  Higson (1990) modified his set of criteria from a straight line on log-log plane to a 

curve with the same intercept with 𝑦 − 𝑎𝑥𝑖𝑠, but passing through the point of frequency 

of 5×10!! per reactor year for 𝑁 ≥ 100 fatalities.  The rationale behind the choice of 

this point was that Health and Safety Executive (1988) had concluded that a chance in 

10,000 years of a nuclear reactor accident in the UK causing 100 cancer deaths “might be 

accepted as tolerable” (p. 26) .  The 1 in 10,000 per year chance was associated with 20 

nuclear reactors.  To justify his proposed criteria, Higson (1990) compared the societal 

risk of 2000 nuclear power plants worldwide conforming to his criteria with the societal 

risk from aircraft, marine, railway, and chemical plant accidents around the world. 

Australian National Committee on Large Dams, ANCOLD (1994) adopted the 

Higson (1990) curves as interim societal risk criterion curves for selection of design 

levels for dams noting that Higson’s curve would be slightly over-conservative for dams.  

Australian National Committee on Large Dams, ANCOLD (2003) was a revision of the 

1994 ANCOLD Guidelines on Risk Assessment.  The intercept of societal risk criteria 

with 𝑦 − 𝑎𝑥𝑖𝑠 are the same as ones proposed in Higson (1990).  However, the slope of 

these lines, influenced by Health and Safety Executive (2001), is -1 on log-log 
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coordinates.  The United States Army, Corps of Engineers (USACE) has developed 

interim tolerable risk guidelines, which are mainly based on the 2003 risk evaluation 

guidelines published by the  Australian National Committee on Large Dams, ANCOLD 

(2003).  

Morgan (1992) explains that landslides are rarely occurring events and standard 

objective statistical methods do not apply to their prediction since Canada’s history is 

relatively short and the number of recorded catastrophic events is low.  Summarizing the 

occurrence of fatalities in Japan and the European Alps, Morgan suggested using the 

experience in Central Europe, which more closely resembles that of Canada compared to 

Japan.  The landslide experience in Central Europe (Alps) is based on 750 years of 

historic records (Schuster & Fleming, 1986).  The frequency of catastrophic landslide 

events in Japan based on 50 years of records is an order higher than that tolerated in 

Europe.  Since there are abundant opportunities across Canada for large landslides to 

occur, probabilities two to three orders lower than those established by the countrywide 

model, (historical data in Central Europe) were suggested as threshold values. 

Hungr, Sobkowicz, & Morgan (1993) developed a criterion specific to landslides 

from data on natural disasters in the European Alps.  The premise of the derivation was 

that communities remained in exposed locations for long periods and thus tolerated the 

frequency of disasters given in the record.  The European Alps accident data were to be 

reduced by the number of exposed localities to derive the frequencies of disaster that are 

tolerated by a typical exposed community. Later in 1996, Sobkowicz proposed the 

societal risk criteria developed for landslide risks based on the societal criteria developed 
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by Hungr et al. (1993).  Sobkowicz divided the total data from the European Alps by 500, 

the estimated number of villages affected. 

Health and Safety Executives of UK have also used historical data to define 

measures of acceptability.  Following the Flixborough accident in 1974, Advisory 

Committee on Major Hazards (ACMH, 1976) put forward a quantitative objective 

regarding societal risks which states that in a particular plant a serious accident was 

unlikely to occur more often than once in 10,000 years which might be regarded as just 

on the borderline of acceptability. this has often been taken to be a proposed criterion of 1 

in 10,000 per year for 10 or more fatalities (Kinchin, 1982;Ball & Floyd, 1998).  Lowe 

(1980) noted that there was no explanation of the term ‘serious accident’, but being 

written in the aftermath of the Flixborough incident, it would seem reasonable to assume 

that an accident involving 30 deaths would be a suitable definition. 

Referring to the analysis done in the 2nd Canvey Report (HSE, 1981), Health and 

Safety Executive (1988) noted that that the societal risks in Canvey Island facility after 

improvements were about 1 in 5000 per annum against a major accident capable of 

causing more than 1500 casualties.  For Thames Barrier the chances of being overtopped 

had been estimated to be 1 in 1000 per annum.  This risk was actually equal to the 

predicted approximate annual chance of an aircraft crash somewhere in the UK killing 

500 or more people.  Using these figures, it was proposed that a risk of 1 in 10,000 per 

annum for an accident with eventual fatalities of 100 people is acceptable.  

Advisory Committee on Dangerous Substances (1991), in their proposing a set of 

societal risk criteria, stated that the upper ‘just intolerable’ line is ‘Canvey related’ since 
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for the highest likely number of transport accident deaths the ‘frequency’ is that predicted 

for the Canvey complex (2×10!! per year for 500 or more fatalities).  The slope of the 

limit line passing through this point, called ‘Canvey point’, was chosen to be -1 to reflect 

some risk aversion.  

Health and Safety Executive (2001) points out that accidents causing 50 or more 

fatalities should not have a frequency greater in 1 in 5,000 per year is one order of 

magnitude more stringent than an earlier criterion point derived by the HSE from their 

analysis of the Canvey Island industrial complex in the late 1970s and early 1980s.  The 

‘Canvey point’ is that the frequency of accidents causing 500 or more fatalities should 

not have a frequency greater than 1 in 5,000 per year (p. 47). 

Population Effect 

According to Ferreira and Slesin (1976), a national setting is appropriate for 

gathering catastrophic fatality data to study the revealed preferences in societal risk 

acceptance.  They listed three reasons as the rationale behind defining a risk criterion in 

national scale.  First, much of the authority to regulate public risks is in the hands of the 

federal government. Second, foreign incidents command less public attention than similar 

domestic ones.  Third, regional, or local scale reduces the sample size although it 

produces more homogeneous risks and social attitudes. 

Gausden & Dunster (1977) stated that WASH-1400 results were based on US 

conditions where population density was lower on average than in the UK, and the 

dangers of natural events were higher.  According to Gausden and Dunster, using 

WASH-1400 curves with reasonable adjustment for population density, the Health and 
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Safety Executive of UK concluded that F:N curves for nuclear hazards were bellow the 

F:N curves for other man-made hazards. 

It is reasonable to assume that in making comparisons between one country and 

another, the relationship between risks to public and the size of the population must be 

kept in mind.   Kinchin (1982) suggested that for comparable safety standards, the annual 

probability of accidents killing more than 10 people would be 10 times lower in a country 

with population of 5 million than in a country with population of 50 million.  

As mentioned in the last section, Higson (1978), trying to propose a set of societal 

risk criteria, used the F:N plots of Reactor Safety Study, WASH-1400 (U.S. Nuclear 

Regulatory Commission, 1975).  He then scaled down these criteria from the population 

approximately 220 million people in United States to the size of population of the United 

Kingdom, which were approximately 55 million people.  His proposed safety criteria for 

Australia were obtained by scaling down the set of criteria to the population of Australia, 

which were about 15 million people. 

As mentioned before, to propose a societal risk criterion for each location in 

Canada that has the possibility for large landslides to occur, Morgan (1992) proposed that 

probabilities two to three orders lower than those established by the country wide model 

(historical data in Central Europe) to be used as threshold values. 

Review of Poisson Process, Confidence Interval, and Power Law Distributions 

Before continuing into studying the societal risk from dam failures and levee 

breaches, in the following paragraphs, the Poisson process in reliability engineering, 
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confidence interval for Poisson processes, and power law distributions are reviewed 

briefly.  

According to Modarres et al  (2010), the probability of failure of a component or 

a system as a function of time is defined by: 

𝑃 𝑇 ≤ 𝑡 = 𝑓 𝑦 𝑑𝑦 = 𝐹 𝑡 ,        𝑓𝑜𝑟  𝑡 ≥ 0
!

!
   (179) 

where 𝑓(  ) denotes a probability distribution function (PDF)  representing the random 

variable 𝑇, time-to-failure, and  𝐹(𝑡) denotes the probability that the component or 

system will fail sometime up to time 𝑡. The reliability function is defined as follows: 

𝑅 𝑡 = 1− 𝐹 𝑡 = 𝑃 𝑇 > 𝑡 = 𝑓 𝑦 𝑑𝑦
!

!
   (180) 

Exponential distribution is the most commonly used distribution in reliability 

analysis. The exponential distribution is closely associated with the Poisson distribution. 

If the number of failures of a component in a system during a time period 𝑡 is distributed 

according to the Poisson distribution with the mean of 𝜆𝑡, assuming that there is 

immediate replacement for the failed component, the random number of failures, 𝑋, on 

the interval [0, 𝑡] is: 

𝑃 𝑋 = 𝑛 =
𝑒𝑥𝑝 −𝜆𝑡 . (𝜆𝑡)!

𝑛! ,𝑛 = 0,1,2,… ,                        𝜆, 𝑡 > 0   (181) 
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If the first component failure causes the system to fail, then the system is 

functioning only when there is no failure, i.e. 𝑛 = 0. The probability that the system does 

not fail up to time 𝑡, is then: 

𝑃 𝑋 = 0 = 𝑃(𝑇 > 𝑡) = 𝑒𝑥𝑝(−𝜆𝑡)   (182) 

The above equation results in: 

𝑓 𝑡 = 𝜆  𝑒𝑥𝑝  (−𝜆𝑡)   (183) 

An important property of exponential distribution is that it has no memory.  If a 

component is still functioning after time 𝑡, the probability that it fails in the time interval 

[𝑡, 𝑡 + Δ𝑡] is: 

𝑃(𝑡 ≤ 𝑇 ≤ 𝑡 + ∆𝑡 𝑇 > 𝑡] =
𝑒𝑥𝑝 −𝜆𝑡 − 𝑒𝑥𝑝 −𝜆 𝑡 + 𝛥𝑡

𝑒𝑥𝑝 −𝜆𝑡 = 1− 𝑒𝑥𝑝(−𝜆𝛥𝑡)   (184) 

which is only dependent on 𝜆  and  Δ𝑡, but independent of 𝑡.  

As explained by Rasmussen (U.S. Nuclear Regulatory Commission, 1975), when 

building F:N curves of man-made and natural disasters, the phenomenon can be treated at 

a Poisson process to derive confidence interval for the probability for a particular 

consequence.  According to Pearson and Hartley (1970), the method of deriving the 

confidence interval is based on the relationship between the Poisson distribution and the 

𝜒!!!  distributions where r is the number of observations in the interval of time under study 

(Pearson and Hartley, 1970, p. 128): 
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𝑒!!𝜆!

𝑖!

!!!

!!!

= 1− 𝑃 𝜒!!! ≤ 2𝜆 = 𝑃{𝜒!!! > 2𝜆}   (185) 

The value of upper 𝜆!  boundary of 1− 𝛼  percent confidence interval of a Poisson 

distributed variable is obtained from: 

𝑒!!!𝜆!
!

𝑖!

!

!!!

=
𝛼
2 → 1− 𝑃 𝜒! !!!

! ≤ 2𝜆! =
𝛼
2   (186) 

which means that if the true value of 𝜆 is 𝜆!, the probability for getting a number of 

counts 𝑟 or smaller is !
!
. The value of lower 𝜆!  boundary of 1− 𝛼  percent confidence 

interval of a Poisson distributed variable is obtained from: 

𝑒!!!𝜆!
!

𝑖!

!

!!!

=
𝛼
2 → 𝑃 𝜒! !!!

! ≤ 2𝜆 =
𝛼
2   (187) 

which means that if the true value of 𝜆 is 𝜆!, the probability for getting a number 

of counts 𝑟 or greater is !
!
.  Hence, the values of 𝜆! and 𝜆!can easily be obtained from 

tables of the 𝜒! distributions: 

𝜆! =
𝜒
! !!! ,!!!!

!   

2   𝑝𝑒𝑟  𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙  𝑜𝑓  𝑡𝑖𝑚𝑒  𝑢𝑛𝑑𝑒𝑟  𝑠𝑡𝑢𝑑𝑦   (188) 

𝜆! =
𝜒
!!,!!

!       

2 𝑝𝑒𝑟  𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙  𝑜𝑓  𝑡𝑖𝑚𝑒  𝑢𝑛𝑑𝑒𝑟  𝑠𝑡𝑢𝑑𝑦 (189) 
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where 𝑟 is the number of observations in the time period under study.  2𝜆!is simply the 

𝛼 2 fractile of a 𝜒!variable with 2𝑟 degrees of freedom per interval of time under study, 

while 2𝜆!is the 1− 𝛼 2  fractile of the 𝜒! variable with 2 𝑟 + 1  degrees of freedom 

per interval of time under study. In the following sections, to calculate the confidence 

interval for the F:N curves of dam failures and levee breaches, 𝑟 is the number of failures 

with consequences equal or greater than a particular value. 

Instead of confidence intervals, methods of Bayesian inference can be used to 

obtain the credible intervals. Assuming that dam failures follow a Poisson process, the 

distribution 𝐺𝑎𝑚𝑚𝑎  (𝑟, 𝑣) can be used as the prior distribution where 𝑟 = 1 and 𝑣 → 0. 

If 𝑦! is the number of failures with 𝑖 or more fatalities in the past 𝑛 years, the posterior 

would follow a Gamma distribution 𝐺𝑎𝑚𝑚𝑎  (𝑟 + 𝑦! , 𝑣 + 𝑛). Hence, the lower and upper 

limit of the 90% credible interval can be obtained through 𝐺𝑎𝑚𝑚𝑎!!(0.05; 1+ 𝑦! ,𝑛) 

and 𝐺𝑎𝑚𝑚𝑎!!(0.95; 1+ 𝑦! ,𝑛), respectively. 

Dam Failures in the US 

 

Table 30 is a list of dam failures and the corresponding fatalities in US since 

1869. It is important to notice that although many years’ data better reflects the 

underlying empirical frequency, accidents far in the past might not reflect current 

technology and safety measures.  Figure 197 shows the F:N curve for the fatalities 

regarding dam failures in the US since 1869. The frequency of events with N or more 

fatalities is shown along with the exceedance probability of events with N or more 

fatalities. To calculate the probabilities from frequencies, the occurrences of dam failures 
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have been assumed to be a Poisson process with an average rate of total number of dam 

failures with 1 or more fatalities per total number of years since 1869: 

𝜆!"#  !"#$%&' =
𝑛𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑡𝑜𝑡𝑎𝑙  𝑑𝑎𝑚  𝑓𝑎𝑖𝑙𝑢𝑟𝑒𝑠  𝑠𝑖𝑛𝑐𝑒  1869

𝑛𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑦𝑒𝑎𝑟𝑠  𝑠𝑖𝑛𝑐𝑒  1869 =
47
144 = 0.33   (190) 

Equivalently, the probability of the occurrence of a dam failure with 𝑁 or more 

fatalities can be calculated as follows: 

𝑃(𝐷𝑎𝑚  𝐹𝑎𝑖𝑙𝑢𝑟𝑒)×𝑃(𝑓𝑎𝑡𝑎𝑙𝑖𝑡𝑦 ≥ 𝑁 𝐷𝑎𝑚  𝐹𝑎𝑖𝑙𝑢𝑟𝑒)   (191) 

= 1− 𝑒𝑥𝑝(−𝜆  ) .
𝑛𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑑𝑎𝑚  𝑓𝑎𝑖𝑙𝑢𝑟𝑒𝑠  𝑤𝑖𝑡ℎ  𝑁  𝑜𝑟  𝑚𝑜𝑟𝑒  𝑓𝑎𝑡𝑎𝑙𝑖𝑡𝑖𝑒𝑠

𝑛𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑡𝑜𝑡𝑎𝑙  𝑑𝑎𝑚  𝑓𝑎𝑖𝑙𝑢𝑟𝑒𝑠  (192) 

If the F:N curve has a power law behavior, we will have: 

𝐹! =
𝐾
𝑁!    (193) 

Hence 

𝑃 𝐹𝑎𝑡𝑎𝑙𝑖𝑡𝑖𝑒𝑠 > 𝑁 = 1− 𝑒!!(!) .
𝐹!
𝐹!
=

1− 𝑒!!

𝑁!    (194) 

The least squares regression method has been used to fit a power function to the 

exceedance frequency curve.  The slope is −0.517. Using the alternative method 

discussed in the previous section, the slope of the CCDF considering power law 

distribution is −0.528. 
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Table 30: US dam failure fatalities since 1869  

 

Year Dam Location Fatalities

1869 Upper)&)Lower)Kohanza)dams,)Flint's)dam Danbury,)CT 11
1874 Mill)River Williamsburg,)MA 139
1886 Mud)Pond East)Lee,)MA 7
1889 South)Fork Johnston,)PA 2209
1890 Walnut)Grove)Dam Arizona 70
1897 Melzingah New)York 7
1900 McDonald)Dam Texas 10
1903 Willow)Creek Heppner,)Oregon 250
1911 Bayless)Pulp)&)Paper)Mill Austin,)PA 88
1915 Lyman AZ 8
1916 Lower)Otay CA 30
1916 Unnamed on)Barren)Creek,)TN 28
1916 Unnamed West)Virginia 75
1916 Unnamed Jarrolds 75
1916 Unnamed Cabin)Creek)Valley,)West)Virginia60
1924 Saltville)Muck Saltville,)VA 19
1928 St.)Francis California 600
1932 Eastwick)RR)Fill WA 7
1945 Wewoka)Dam OK 8
1960 Electric)Light)Pond Eagleville),)NY 1
1963 Spaulding)Pond,)Mohegan)Park Norwich,)CT 6
1963 Baldwin)Hills Los)Angeles,)California 5
1963 Little)Deer)Creek Near)Hannah,)Utah 1
1964 Swift)irrigation)dam Swift,)Montana 19
1964 Lower)Two)Medicine NW 9
1968 Virden)Creek)Dam Waerloo,)IA 1
1968 Lee)Lake MA 2
1972 Buffalo)Creek West)Virginia 125
1972 Lake)O'Hills Alaska 1
1972 Canyon)Lake)Dam South)Dakota 238
1976 New`Found)Creek)Dam North)Carolina 4
1976 Teton Idaho 11
1977 Sandy)Run PA 5
1977 Laurel)Run PA 40
1977 Kelly)Barnes)Dam GA 39
1979 North)Creek NY 4
1981 Coal)Waste)impoundment Kentucky 1
1982 Lawn)Lake Colorado 4
1982 21)Dams CT 12
1983 DMAD Alabama 1
1989 Nix)Club)lake TX 1
1989 Evans)&)Lockwood)dams North)Carolina 2
1990 Magnolia)Shores)Lake)dam AL 4
1994 217)dams)throughout)state GA 3
1995 Timberlake)Dam Virginia 2
1996 Meadow)Pond New)Hampshire 1
2006 Kaloko)reservoir)dam Hawaii 7
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Figure 197: The F:N curve, regression line, and 90% confidence interval for US dam failure 

fatalities since 1989 

Levee Failures in the US 

Table 31 is a list of levee failures and the corresponding fatalities in US since 

1928. Figure 198 shows the F:N curve for the fatalities regarding levee failures in the US 

since 1928.  The frequency of events with N or more fatalities is shown along with the 

exceedance probability of events with N or more fatalities.  The least squares regression 

method has been used to fit a power function to the exceedance frequency curve.   The 

slope is −0.327.   Using the alternative method discussed in the previous section, the 

slope of the CCDF considering power law distribution is −0.330. 
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Table 31: US levee failure fatalities since 1928  

 

 

 

Figure 198: The F:N curve, regression line, and 90% confidence interval for US levee failures  

  

Year Failure) Fatalities

1928 Okeechobee,Hurricane 2500
1929 The,Great,Flood 246
1948 Vanport,,Oregon 16
1951 KansasCMissouri,Floods 28
1955 Yuba,City,,Yuba,County,,California 38
1986 Northern,CA,&,Northwestern,Nevada 13
1993 The,Great,Flood 47
1997 Arboga,,Yuba,County,,California 3
2005 Hurricane,Katrina 1810
2008 Midwest,Flood 24
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Chapter 5: Risk Aversion 

In decision theory, as described in von Neumann & Morgenstern (1944) and 

Keeney & Raiffa (1976), a risk averse decision maker finds uncertain consequences less 

preferable than a consequence with certainty when the certain consequence is the mean 

value of the uncertain consequences. (Farmer, 1967), Ferreira & Slesin (1976), Okrent 

&Whipple (1977), Kinchin (1978), Higson (1978) Griesmeyer, Simpson, and Okrent 

(1979), followed by many others, expressed their risk aversion in a different sense. They 

tried to answer the frequently asked question pertaining to the application of societal risk 

criteria: “how should a single accident that takes N lives be weighted relative to N 

accidents, each of which takes a single life?” Slovic (1984) stated that a casual 

observation of society's apparent acceptance of major chronic hazards (such as those 

from motor vehicles), contrasted with its seemingly greater concern for potentially 

catastrophic hazards (e.g., nuclear reactors), has led some to conclude that society is risk 

averse.  

Farmer (1967) set up a frequency-consequence diagram using the average time 

interval between events, i.e. reactors-years as a convenient scale for the frequency axis. 

The unit on the consequence axis was the ground level release of    !"!𝐼. He then noted: 

…all parallel lines of equal slope -1 [on a frequency-consequence plot joins points 

of equal risk in terms of curies per year. One such line might be used as safety 

criterion by defining an upper boundary of permissible probability for all fault 

consequences (Farmer (1967, p. 221). 

To define a boundary line as a criterion, Farmer (1967) continues: 
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… it is likely that most people would apply a relatively heavier penalty against the 

possibility of a large release than a small release. This would lead to a boundary 

line of greater negative slope. The one now chosen has a slope of −1.5 so as to 

reduce by three orders of magnitude the frequency of an event whose severity 

increases by two orders of magnitude (p. 227). 

U.S. Nuclear Regulatory Commission (1975) expressed this aversion as follows: 

The public appears to accept more readily a much greater social impact from 

many small accidents than it does from the more severe, less frequent occurrences 

that have a smaller societal impact (p. 12 of the Main Report). 

Consequently, Okrent & Whipple (1977) explained the risk aversion: 

Risk aversion refers to the weighting of severe accidents in such a way as to 

predict a higher social cost for severe accidents than for less severe accidents, 

even for cases in which the exposed loss (𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  ×  𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒) is equal. 

(As an example, if one accident in which 100 lives were lost was considered more 

severe than 100 smaller accidents, each causing one fatality, this would be 

considered to represent risk aversion.) 

Definition of Risk 

In agreement with Kaplan & Garrick (1981), this dissertation consider the 

definition risk is probability times consequences to be misleading and preferably adopts 

the definition that risk is probability and consequences. Hence, the outcome of a risk 

analysis is a list of triplets, 𝑠! ,𝑝! , 𝑥! , where 𝑠! is a scenario identification, 𝑝! is the 

probability of that scenario, and 𝑥! is the consequence or evaluation measure of that 
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scenario. The only consequence 𝑥 studied in this dissertation is the number of fatalities in 

hazardous activities. Considering that the table of triplets contains all the scenarios that 

can happen, by using braces, {  }, to note set of, the risk 𝑅 can be defined as a set of 

triplets as follows: 

𝑅 = 𝑠! ,𝑝! , 𝑥!       𝑖 = 1,2,… ,𝑛   (195) 

The scenarios can be arranged in order of increasing severity of consequences and 

the cumulative probability can be calculated by adding up probability from the bottom of 

the table as shown in Table 32. 

Table 32: Scenario list with cumulative probability (Kaplan & Garrick, 1981) 

 

By plotting the points 𝑥! ,𝑃! , a stair case function is obtained as shown in Figure 

199. In case of multiple scenarios, the probability times consequence definition of risk 

corresponds to the expected value of the damage. Such single number in not big enough a 

concept to communicate the idea of risk and the curve itself should be treated as the risk 

as denoted in Kaplan & Garrick (1981). 
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Figure 199: Risk curve (Kaplan & Garrick, 1981) 

Frequency vs. Probability 

Usually, in the context of risk analysis, what the objectivists are talking about is 

referred to as frequency. What the subjectivists are referring to is called probability. 

Thus, probability is a numerical measure of a state of knowledge, a degree of belief, a 

state of confidence, whereas frequency refers to the outcome of an experiment of some 

kind involving repeated trials. Thus, frequency is a hard, measurable number, and is 

observable. This is the case, even if the experiment is only a thought experiment or an 

experiment to be done in the future. Thus, conceptually, frequency is a well-defined, 

objective, measurable number. Probability, on the other hand, is defined as a number 
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used to communicate a state of mind. Thus, probability seems soft, changeable, 

subjective, and not measureable, at least not in the usual way. 

However, in the context of societal risk in this dissertation, what is referred to by 

absolute frequency or is the number of times that a certain type event (i.e. the event with 

consequence 𝑥) has occurred in a unit time interval such as 1 year. The frequency of 

event with consequence 𝑥 is represented by 𝑓!. Consequently the exceedance frequency is 

defined as the total of the absolute frequencies of all events with consequences equal or 

above a certain point (𝑋 ≥ 𝑥) in an ordered list of events. The exceedance frequency of 

events with consequences greater than 𝑥 is represented by 𝐹!. If the maximum possible 

consequence is represented by 𝑥!"# (since there are always physical limits on 

consequences), 𝐹! is calculated as follows: 

𝐹! = 𝑓!

!!!"

!!!

    𝑓𝑜𝑟  𝑑𝑖𝑠𝑐𝑟𝑒𝑡𝑒  𝑐𝑜𝑛𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒𝑠   (196) 

𝐹! = 𝑓! 𝑑𝑥
!!"#

!
    𝑓𝑜𝑟  𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠  𝑐𝑜𝑛𝑠𝑒𝑞𝑢𝑎𝑛𝑐𝑒𝑠   (197) 

The relative frequency (also called empirical probability) of a certain event type 

refers to the absolute frequency of that event type normalized by the sum of frequencies 

of all event types. It should be noted that in this dissertation 𝑓! and 𝐹! are the frequency 

of events with consequence 𝑥 fatality and frequency of events with consequence equal or 

greater than 𝑥 . On the other hand, 𝑓(𝑥) is the probability distribution function (PDF) of 

events with consequence 𝑥, 𝐹 𝑥  is the cumulative probability distribution function 

(CDF) of events with consequence 𝑥, and 𝐹 𝑥 = 1− 𝐹(𝑥) is the complementary 
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cumulative distribution function  (CCDF). For very low frequencies, frequency is 

approximately equal to probability, 𝑓! = 𝑓(𝑥), and the exceedance frequency is 

approximately equal to the complementary cumulative distribution function,  𝐹! = 𝐹 𝑥 . 

For high frequencies, these equations will not hold. However, some literature has used 

frequency and probability interchangeably. In this dissertation the 𝑦 − 𝑎𝑥𝑖𝑠) of the F:N 

curve is the exceedance frequency, 𝐹!, and not the CCDF, 𝐹 𝑥  similar to guidelines 

issued by Health and Safety Executive (HSE) of U.K. The ANCOLD guidelines, on the 

other hand, have used the complementary cumulative probability distribution (CCDF) for 

the 𝑦 − 𝑎𝑥𝑖𝑠) of the F:N coordinates. It is recommended that when using historical data 

and for multiple hazardous installations, the F:N curve is built using the exceedance 

frequency 𝐹!, such as the F:N curves for dam failures in national level for US reported in 

WASH-1400,1975. On the other hand, to show the result of probability risk analysis 

(PRA) of a single hazardous installations which is commonly performed through event 

tree and fault tree analysis, it is recommended that the 𝑦 − 𝑎𝑥𝑖𝑠 of the F:N curves 

represent the complementary cumulative distribution function (CCDF) of the system 

(e.g., the F:N curve for 100 reactors reported in (WASH-1400,1975). In this dissertation, 

for F:N curves, the focus is on the frequencies rather than probabilities since the F:N 

curves of chapter 4 and 7 are built using the historical data. 

Poisson Frequencies 

In risk analysis, it is often assumed that the underlying model for frequency-based 

events follows a Poisson process, which means that the number of accidents in time 

interval T follows a Poisson distribution. Thus the time between events is exponentially 

distributed. The Poisson distribution gives the probability of the different possible 
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number of occurrences of the event with consequence 𝑥 in a given time interval T (e.g. 1 

year) under three conditions:  

 The events occur independently,  1.

 The events occur at random, and  2.

 The frequency of an event (event rate) occurring in a given time interval does not 3.

vary with time.  

This dissertation also assumes that events with different consequences occur 

according to independent Poisson processes. Assuming that the number of events in a 

time interval, 𝑇, follows a Poisson distribution, the mean frequency, 𝑓! , of accidents with 

consequence 𝑥 is used as the rate parameter of the distribution. In general, there are large 

uncertainties associated with 𝑓!.However, in this chapter, it will suffice to assume that 

𝑓!is known and constant through the time interval under study. Assuming the 

aforementioned three conditions, the process by which events with different frequencies 

occur is also a Poisson process with frequency equal to the sum of the frequencies of the 

individual processes.  Thus, assuming Poisson distribution for the number of events with 

consequence 𝑥, the probability that an accident happens  (𝑋 ≥ 𝑥!"#) in time interval 𝑇, is 

given by the following equations (𝑓!is constant): 

𝑃 𝐸 = 𝑃 𝑋 ≥ 𝑥!"# = 1− 𝑒𝑥𝑝 −𝐹!!"#𝑇 = 1− 𝑒𝑥𝑝 − 𝑓!

!!"#

!!!!"#

  𝑇    (198) 
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and for the continuous consequences: 

𝑃 𝐸 = 𝑃 𝑋 ≥ 𝑥!"# = 1− 𝑒𝑥𝑝 −𝐹!!"#𝑇 = 1− 𝑒𝑥𝑝 − 𝑓! 𝑑𝑥
!!"#

!!"#

  𝑇    (199) 

where 𝑃 𝐸  is the probability that an event with any consequences greater than 𝑥!"# has 

happened in a given time interval. Given that an accident with consequence has 

happened, or in other words, conditioned on (𝑋 ≥ 𝑥!"#), the probability that it is an 

event with consequence 𝑥 is (assuming discrete consequences): 

𝑃 𝐸! 𝐸 =
𝑓!

𝑓!
!!"#
!!!!"#

   (200) 

where 𝐸! is the event with consequence 𝑥 and 𝐸 is the event that an accident has 

happened. Hence, the (unconditional) probability that an event with consequence 𝑥 

happens in a given time interval is: 

𝑃 𝐸! = 𝑃 𝐸 ×
𝑓!

𝑓!
!!"#
!!!!"#

=    1− 𝑒𝑥𝑝 −𝐹!!"#𝑇 ×
𝑓!
𝐹!!"#

     

    𝑤ℎ𝑒𝑟𝑒            𝐹!!"# = 𝑓!

!!"#

!!!!"!

 

  

(201) 

𝐹! is the frequency of events with consequences equal to or greater than 𝑥. For the 

continuous consequences, the probability of accidents with consequences in the interval 

𝑥, 𝑥!"#  given that an event has happened is: 
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𝑃 𝐸!! 𝐸 =
𝑓! 𝑑𝑥

!!"#
!  

𝑓! 𝑑𝑥
!!"#
!!"#

   (202) 

where 𝐸!!  is the event with consequence greater than 𝑥. Hence, the (unconditional) 

probability that an event with consequence in the interval 𝑥, 𝑥!"#  happens is: 

𝑃 𝐸!! = 𝑃 𝐸 ×
𝑓! 𝑑𝑥

!!"#
!  

𝑓! 𝑑𝑥
!!"#
!!"#

= 1− 𝑒𝑥𝑝 −𝐹!!"#𝑇   ×
𝑓! 𝑑𝑥

!!"#
!  

𝑓! 𝑑𝑥
!!"#
!!"#

       

  𝑤ℎ𝑒𝑟𝑒        𝐹!!"# = 𝑓! 𝑑𝑥
!!"#

!!"#

 

(203) 

It is often argued that the absolute frequencies, 𝑓!, could be used as probabilities 

in case they are very low and behave like probabilities. However it should be noted that 

this simplification is only valid in case a Poisson process is assumed for accidents and 

only when the complementary cumulative frequency, also called exceedance frequency, 

of accidents with any consequence is less than 0.1 𝑇 according to Wu-Chien and 

Apostolakis (1981). The condition is: 

𝐹!!"#𝑇 < 0.1      𝑜𝑟    𝐹!!"# <
0.1
𝑇   

(204) 

Nevertheless, there is no uniformity in various documents presenting the societal 

risk criteria in respect to likelihood. Some interpret likelihood as a frequency of 

occurrence over a specified time interval but others argue that likelihood can be 

expressed as a probability of occurrence, and is therefore dimensionless (HSE, 2003). 
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Iso-risk Curves, Risk Aversion Assumptions 

Now that it has been established that the terms ‘risk’ has at least two 

characteristics, the probability (or frequency) of the event's occurrence and its associated 

magnitude if it does occur, this perception must be translated into some formulation of 

the way in which individuals trade-off frequency and magnitude in decision-making. 

Hence, the task in this section is to establish the way in which a rational individual will 

substitute between negative outcomes of events and the frequencies that those outcomes 

will occur. Figure 200 depicts an example of how a decision maker might structure 

his/her preferences for points in a two-dimensional evaluation space as it relates to the 

dual constituents of risk.  

Indifference Curves 

The curves show combinations of frequency of occurrence and the magnitude of 

the event between which the individual is indifferent. Therefore, in this example, the 

decision maker does not care whether he/she achieves 𝒙′ = (𝑓!!   , 𝑥′) or 𝒙′′ = (𝑓!!!   , 𝑥!!), 

and this is portrayed by having both 𝑥′  and 𝑥′′ on the same indifference curve.  The 

rationale here is simply that the individual will trade at a lower frequency, 𝑓!", for a 

higher negative outcome,  𝑥!!, and vice versa. These two points are more preferred to 

𝒙!!! = (𝑓!!!!   , 𝑥!!!). Therefore, event 𝒙!!! is located on a higher (less preferred) indifference 

curve. It is assumed that any two points are comparable in the sense that one, and only 

one, of the following holds: 

 𝒙! is indifferent to 𝒙!! 𝒙!  ~𝒙!!)    1.

 𝒙! is preferred to 𝒙!!! 𝒙!   ≻ 𝒙!!!  2.
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 𝒙!!! is less preferred than 𝒙!! 𝒙!!!   ≺ 𝒙!!  3.

 

Figure 200: Indifference curves   

A function 𝑣, which associates a real number 𝑣(𝒙) to each point 𝒙 in an 

evaluation space, is said to be a value function representing the decision maker’s 

preference structure provided that: 

𝒙′~𝒙′′⟺ 𝑣 𝒙! = 𝑣(𝒙′′)   (205) 

where 𝒙′~𝒙′′ means that  𝒙′ is indifferent to 𝒙′′  and  

𝒙!!! ≺ 𝒙′⟺ 𝑣 𝒙!!! < 𝑣(𝒙′)   (206) 

Given a value function 𝑣, any two points 𝒙′ and 𝒙′′ such that 𝑣 𝒙′ = 𝑣(𝒙′′) must 

be indifferent to each other and must lie on the same indifference curve. Hence, given 𝑣, 

it is possible, in principle, to find the indifference curves. The converse is not true: a 

preference structure does not uniquely specify a value function (Keeney & Raiffa, 1976).  
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In the context of risk analysis, the indifference curve is also called iso-risk curve. 

It should be noted that since this dissertation has adopted the probability and 

consequence definition for risk and not the probability times consequence definition, 

points that are located on the iso-risk curve do not necessarily have equal (𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  ×

  𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒) values. In other words, points on the iso-risk curve do not necessarily have 

the same expected consequence, but they have the same risk, defined by the value 

function. However, some literatures adopt the probability times consequence definition 

for risk. In this framework, care must be taken in the use of the term ‘iso-risk curve’ for 

indifference curve and it is recommended that the term ‘iso-preference’ be used. Later in 

this chapter, a function called social cost will be defined which is used as the utility of 

consequences. Unlike the value function that decreasing in the direction of decreasing 

preferences, the social costs increase in the direction of decreasing preferences.  

Risk Aversion Assumptions 

Based on the literature and research results regarding societal risk and risk 

aversion since Farmer (1967), it is necessary to make the following three reasonable 

assumptions to define and impose a risk averse set of societal risk criteria for the purpose 

of this chapter and also throughout the rest of this dissertation: 

 In order to determine society's willingness to accept various risks, one might 1.

observe the frequency of occurrence of various types of accidents and regard them 

to be implied preferences. It is assumed that accident frequency and consequence 

data reflect a balance among a society's concern for large accidents, their 

frequency of occurrence, and the ability and willingness to control them. 
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Historical data and statistics on accidents’ frequencies and consequences are 

assumed to be implying the underlying indifference curve. In Griesmeyer, 

Simpson, and Okrent (1979) words, “historical frequency versus magnitude data 

have been used by some to estimate the weight which should be given to this [risk 

aversion in societal risk criteria] affect.” Thus, if f:N curve is plotted for dam 

failures in national level in United States, it is assumed that society is indifferent 

between any two points on this curve. A national setting is appropriate for this 

purpose, given that much of the authority to regulate public risks is vested in the 

federal government. A regional or local scale may produce more homogeneous 

risks and social attitudes but it also reduces the sample size. This assumption has 

been used in Starr, (1969), Okrent & Whipple (1977), Griesmeyer et al., (1979), 

Ferreira & Slesin (1976), Starr, (1981), Higson (1978), Levine (1980), U.S. NRC 

(1983), Rasbash (1985), Morgan, (1992), and Sobkowics (1996). Some guidelines 

such as ACMH (1976), HSE (1989a), ACDS (1991)  have proposed criterion 

points 𝑁, 𝐹! , on the F:N plot based on past accidents or detailed analysis of 

hazardous installations to be used as revealed preferences. 

 One such curve obtained from historical data can be used as societal risk criterion 2.

by defining an upper boundary of permissible frequency for all consequences. 

This assumption was first proposed by Farmer (1967). To use the historical 

(revealed) preferences curve as a criterion, is has been the common practice to 

approximate it by a curve with a straightforward mathematical equation i.e. 

𝜙 𝑥 . 𝑓! = 𝑐𝑜𝑛𝑠𝑡. The approximating curve with the preferred mathematical 

equation can be obtained through regression and extrapolation, as was done in 
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Ferreira & Slesin (1976), Okrent & Whipple (1977),  Griesmeyer et al. (1979), 

Kinchin (1978), Rasbash (1985). To propose a societal criterion using historical 

data, instead of approximating the revealed preference curve, some authors have 

used an upper envelope curve with a power law equation such that all data points, 

whether historical or resulted from detailed analysis, fall bellow this curve. This 

method has been used in Farmer (1967), Meleis & Erdmann (1972), and Higson 

(1978). 

 For risk aversion, it is assumed that it refers to the weighting of severe accidents 3.

in such a way as to predict a higher social cost for severe accidents than for less 

severe accidents, even for cases in which the expected loss (𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  ×

  𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒) is equal. (As an example, if one accident in which 100 lives were 

lost was considered more severe than 100 smaller accidents, each causing one 

fatality, this would be considered to represent risk aversion. This definition was 

first introduced by Farmer (1967). Later, the majority of literature regarding 

societal risk criteria adopted the same definition. This dissertation adopted the 

same definition as Farmer for risk aversion.  

Impact Functions 

It is clear that in special cases where only one single event is conceivable with 

known frequency of occurrence and consequence, an indifference curve can be used as a 

criterion to indicate whether the event under study is less, equally, or more preferred 

compared to the events represented by the indifference curve. The general equation of 

indifference curves, also called iso-risk lines, is as follows: 
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𝜙 𝑥 𝑓! = 𝑐  𝑤ℎ𝑒𝑟𝑒  𝑐  𝑖𝑠  𝑎  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡   (207) 

where function 𝜙 𝑥  is referred to as the impact function by Wu-Chien & Apostolakis 

(1981). Note that 𝑣 𝑥, 𝑓! = −𝜙 𝑥 𝑓! is the value function as was defined earlier in this 

chapter. As 𝜙 𝑥 𝑓! increases, the value 𝑣 𝑥, 𝑓!  decreases which means that events with 

consequence 𝑥 and frequency 𝑓! are less preferred as 𝜙 𝑥 𝑓! increases. Using the above 

definition of impact function, it is deducted that Farmer (1967) proposed limit line 

implies the following impact function: 

𝐹𝑎𝑟𝑚𝑒𝑟!𝑠  𝐼𝑚𝑝𝑎𝑐𝑡  𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛  𝜙 𝑥 = 𝑥!.!   (208) 

Consequently, the Farmer’s iso-risk lines did have the following general equation: 

𝑥!.!𝑓! = 𝑘   (209) 

where 𝑘 is a constant which is different for each indifference curve.  

Most impact functions in the field of risk analysis have the following general 

equation, which is referred to as  𝛼 −𝑀𝑜𝑑𝑒𝑙: 

𝛼 −𝑀𝑜𝑑𝑒𝑙:  𝜙 𝑥 = 𝑥!   𝑤ℎ𝑒𝑟𝑒  𝛼 > 1   (210) 

Societal Risk Aversion: 

Earlier in this chapter, it was explained that the public tend to attach greater 

importance to single catastrophic accidents, as opposed to large number of minor 

accidents with similar expected value of consequences. In other words, an accident 

resulting in 100 fatalities per year may be perceived more threatening than 100 accidents 
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per year each resulting in a single fatality.  Hence, a societal risk averse attitude can be 

accounted for by requiring that accident probabilities decrease faster than the rate with 

which accident consequences increase.  

If the accident consequence of a system, 𝑥, is assumed to take on continuous 

values, the frequency of occurrence of any level of consequences, 𝑥,  will be presented by 

𝑓! on an annual basis. One way to express risk averse attitude and ensure that accident 

probabilities decrease faster than accident consequences increase is to impose the 

following condition: 

𝑦𝑓!  𝑑𝑦
!!∆!

!
  𝑖𝑠  strictly  𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔, 𝑓𝑜𝑟  𝑥 ≥ 𝑥!  𝑎𝑛𝑑  𝑓𝑜𝑟  𝑒𝑎𝑐ℎ  𝑓𝑖𝑥𝑒𝑑  ∆𝑥 > 0 (211) 

The above requirement is equivalent to: 

𝑥𝑓!  𝑖𝑠  𝑎  𝑠𝑡𝑟𝑖𝑐𝑡𝑙𝑦  𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔  𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛  𝑜𝑓  𝑥, 𝑓𝑜𝑟  𝑥 ≥ 𝑥!"#   (212) 

To prove the equivalence: 

𝑦𝑓!  
!!∆!

!
  𝑖𝑠  𝑡𝑟𝑖𝑐𝑡𝑙𝑦  𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔  𝑖𝑛  𝑥⇔

𝑑
𝑑𝑥 𝑦𝑓!  𝑑𝑦 < 0

!!∆!

!
  

(213) 

𝑑
𝑑𝑥 𝑦𝑓𝑓!  𝑑𝑦 < 0

!!∆!

!
⇔ 𝑥 + ∆𝑥 . 𝑓!!∆! − 𝑥. 𝑓! < 0 

(214) 
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𝑥 + ∆𝑥 𝑓!!∆! − 𝑥𝑓! < 0⇔ 𝑥𝑓!  𝑖𝑠  𝑎  𝑠𝑡𝑟𝑖𝑐𝑡𝑙𝑦  𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔  𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛     (215) 

Therefore: 

𝑥. 𝑓!  𝑖𝑠  𝑎  𝑠𝑡𝑟𝑖𝑐𝑡𝑙𝑦  𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔  𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛  𝑜𝑓  𝑥   

              ⇔    𝑦  𝑓!𝑑𝑦
!!∆!

!
  𝑖𝑠  strictly  𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔  𝑎𝑠  𝑥  𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑠  𝑓𝑜𝑟  𝑎  𝑓𝑖𝑥𝑒𝑑  Δ𝑥 

(216) 

The above equation means that the expected loss in the interval 𝑥, 𝑥 + ∆𝑥  of constant 

length ∆𝑥 are decreasing as a function of 𝑥 which implies societal risk aversion attitude 

as described before.  

Considering that societal risk aversion implies that 𝑥𝑓 𝑥  is decreasing and vice 

versa, the slope of the indifference curve expressing risk aversion neither equals nor 

exceeds -1 in logarithmic scale (i.e. log 𝑓(𝑥)− log 𝑥 coordinates). The slope of the 

indifference curve in logarithmic scale is given as follows: 

𝑑(𝑙𝑜𝑔 𝑓!)
𝑑(𝑙𝑜𝑔 𝑥) =

𝑑(𝑙𝑜𝑔 𝑓!)
𝑑𝑥 .

𝑑𝑥
𝑑(𝑙𝑜𝑔 𝑥) = 𝑓!!.

1
𝑓!
   . 𝑥   (217) 

On the other hand, if 𝑥𝑓!is strictly decreasing, hence: 

𝑑
𝑑𝑥 𝑥𝑓! < 0⟹ 𝑥𝑓!′+ 𝑓! < 0⟹ 𝑓′! < −

𝑓!
𝑥   

(218) 

From the above two equations, it can be concluded that: 

𝑑(𝑙𝑜𝑔 𝑓!)
𝑑(𝑙𝑜𝑔 𝑥) < −1   (219) 
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Using the above equation, it can be proved that an iso-risk line having slope less 

than -1 on 𝑙𝑜𝑔:  𝑙𝑜𝑔 scale will result in a strictly decreasing 𝑥𝑓! which implies societal 

risk aversion.  This above result, not the proof, has been mentioned in Wu-Chien & 

Apostolakis (1981). According to the above result, any indifference curve in  𝛼 −

𝑀𝑜𝑑𝑒𝑙  where  𝑥!   𝑓! = 𝑘  𝑓𝑜𝑟  𝛼 > 1 imposes risk aversion. The reason is: 

𝑥!𝑓! = 𝑐𝑜𝑛𝑠𝑡.          𝑓𝑜𝑟    𝛼 > 1 ⇒
𝑑(𝑙𝑜𝑔 𝑓!)
𝑑(𝑙𝑜𝑔 𝑥) = −𝑎 < −1   (220) 

In general, if an indifference curve with the equation 𝜙 𝑥 𝑓! = 𝑐𝑜𝑛𝑠𝑡. is to be 

used as an acceptance criterion which imposes a risk averse attitude, the requirement for 

a system to be risk averse is that, given two consequences 𝑥 < 𝑥′ while 𝑥𝑓! = 𝑥!𝑓!, the 

event with consequence 𝑥 is preferred to the event with consequence 𝑥′: 

𝑣 𝑥, 𝑓! > 𝑣(𝑥!, 𝑓!!) ⇒ 𝜙 𝑥 𝑓! < 𝜙(𝑥!)𝑓!!   (221) 

Hence, the risk aversion requirement for 𝑥 < 𝑥’ assuming that 𝑥𝑓! = 𝑥!𝑓!′, is: 

𝜙(𝑥)
𝑥 <

𝜙(𝑥!)
𝑥′  (222) 

Thus, for an impact function to impose risk aversion: 

i. 𝜙(𝑥) 𝑥 is strictly increasing in 𝑥 > 0 

ii. 𝜙(0) ≤ 0 

The other definition of such an impact function is: 
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𝜙 𝜋𝑥 < 𝜋𝜙 𝑥  for  0 ≤ 𝜋 ≤ 1  , 𝑥 ≥ 0 (223) 

Since all convex impact functions passing through the origin have the 

abovementioned property, they all impose risk aversion. 

To sum up the results of this section, if the accident consequence of a system, 𝑥, 

is assumed to take on continuous values and the frequency of events with consequence 𝑥 

is represented by 𝑓!, one way to express risk averse attitude is to ensure that: 

𝑥𝑓!  𝑖𝑠  𝑎  𝑠𝑡𝑟𝑖𝑐𝑡𝑙𝑦  𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔  𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛  𝑜𝑓  𝑥  𝑓𝑜𝑟  𝑥 ≥ 𝑥!   (224) 

Any iso-risk line having slope less than -1 in logarithmic frequency-consequence 

space implies societal risk aversion since it results in a strictly decreasing 𝑥. 𝑓!. 

Moreover, if an indifference curve with the equation 𝜙 𝑥 𝑓! = 𝑐𝑜𝑛𝑠𝑡. is to be used as an 

acceptance criterion which imposes a risk averse attitude, the requirement for a system to 

be risk averse is that 𝜙(𝑥) is a convex function passing through the origin. 

Limit Lines and Exceedance Frequency 

Finite Frequency-Consequence Points 

Using a particular indifference curve as a criterion, as Farmer (1967) proposed, is 

only possible in cases there is only one event with known probability and consequence. 

As shown in Figure 201, the criterion curve combines points representing events with the 

same value function, 𝑣 𝑥, 𝑓! = −𝑥!.!𝑓! = −𝑐. According to this criterion curve, single 

event 𝑨 with 𝑣 𝑨 = 𝑣 𝑥!, 𝑓!! = −𝑥!!.!𝑓!! < −𝑐 is unacceptable whereas the single 

event B with 𝑣 𝑩 = 𝑣 𝑥! , 𝑓!! = −𝑥!!.!𝑓!! > −𝑐 is acceptable. 
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Figure 201: Criterion curve for a single events A and B 

If there are more than one conceivable events, where the number of events is 

limited and known, n, the criterion used for single point accidents can still be used with 

limitations. In this situation, a new criterion curve is obtained from the original criterion 

in a way that the new criterion line has a value function equal to !
!
 of the value function of 

the original criterion line. For example, if the original criterion line has the Frame’s limit 

curve equation 𝑥!.!𝑓! = 𝑐, which is the equation of a line in 𝑙𝑜𝑔: 𝑙𝑜𝑔  coordinates, a new 

criterion curve, called !
!
− 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛 curve for n events will have the following equation: 

  𝑥!.!𝑓! = 𝑐 𝑛 (225) 

Only when each of the limited number of 𝑛 events is represented by a point below 

the new criterion defined above, it can easily be concluded that the situation is 

acceptable. In cases were all events are below the original criterion curve, but some 

points are below and the rest are above the !
!
− 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛 curve, the situation may or may 
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not be acceptable and further analysis explained later in this chapter is required. As an 

example, consider a system with four different accident scenarios each having a known 

frequency of occurrence and known consequence (Figure 202). The original criterion 

curve, shown with solid line, is plotted in logarithmic scale. Each of four events is 

compared to a criterion curve, shown with dashed line, that has the value function equal 

to one fourth of the original criterion line. Since all the events, each representing an 

accident scenario for the system, are all below the dashed criterion curve, the sum of all 

events is necessarily below the original criterion curve and the risk of the system is 

acceptable. 

 

Figure 202: Criterion curve in logarithmic coordinates and a system which has 4 accident 

scenarios 

Continuous Consequences 

In cases where the number of possible events (scenarios) is not exactly known or 

the consequences are continuous variables, the events are grouped in a number of classes 
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according to their consequences and a histogram is constructed. In theory, such 

histograms can be replaced by a smoothed curve representing frequency function over 

continuous consequences. The next step is to compare the resulting frequency-

consequence probability function of the system under study with the criterion curve. As 

discussed in the preceding section, to be risk averse, a criterion curve on frequency vs. 

consequence coordinates necessarily follows the following condition: 

𝑥𝑓!  𝑖𝑠  𝑎  𝑠𝑡𝑟𝑖𝑐𝑡𝑙𝑦  𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔  𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛  𝑜𝑓  𝑥, 𝑓𝑜𝑟  𝑥 ≥ 𝑥!   (226) 

It can easily be shown that if the criterion curve has the following property, it implies 

more risk aversion as 𝛼 increases: 

𝑥!𝑓!  𝑖𝑠  𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔  𝑓𝑜𝑟  𝑥 ≥ 𝑥!  𝑎𝑛𝑑  𝛼 > 1   (227) 

To compare the frequency-consequence curve of the system under study with the 

criterion curve, the most appropriate way is to construct the complementary cumulative 

frequency function (exceedance frequency), which was first used for comparison 

purposes by Rasmussen in U.S. Nuclear Regulatory Commission (1975) and then 

explained in detail in Beninson & Lindell (1980) and Cox & Baybutt (1982). As an 

example, in Figure 203 the possible impacts of a system under study and a criterion curve 

are described by the frequency functions 𝑓!"#$%& and 𝑓!"#$%"#&'. It is obvious that by 

looking at absolute frequency functions, it is impossible to check whether the system’s 

risk is acceptable or not using the criterion. Therefore, considerations of overall system 

risk are difficult to accommodate within framework of a criterion curve plotted as 

absolute frequency functions. 
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Figure 203: Frequency-consequence curve of a system under study and the criterion curve 

To resolve the issue of comparison of two absolute frequency functions of 

consequences, their complementary cumulative frequencies (exceedance frequencies) for 

comparison purposes are used. As mentioned in the beginning of this chapter, assuming 

continuous spectrum of consequences, the cumulative frequency and the exceedance 

frequency are obtained as shown in Equation (228) and Equation (229) respectively: 

𝐹! = 𝑓!  𝑑𝑥
!

!
 (228) 

and 

𝐹! = 1− 𝐹! = 𝑓!𝑑𝑥
!!"#

!
 (229) 

The exceedance frequency of the system and the criterion curve are shown in 

Figure 204. Notice that the frequency of any consequence 𝑥 or more is smaller for the 

system under study than for the criterion curve. Thus, it would be appropriate to conclude 
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that the risk of the system is acceptable. In such a case, it is said that the system is 

probabilistically dominated by the criterion curve. Cumulative frequencies and their 

complements, exceedance frequencies, are the most informative output of a thorough risk 

assessment to present the probabilities and consequences of different systems (Beninson 

& Lindell, 1980; Cox & Baybutt, 1982).  

 

Figure 204: Complementary cumulative probability functions of the system under study and 

the criterion curve 

As mentioned before, some literatures such as Kinchin (1978), Griesmeyer et al., 

(1979), and Joksimovich	   &	   O’Donnell	   (1980) have defined a power law frequency 

criterion curve, which has the following equation: 

𝑓! =
𝑐
𝑥!     𝑤ℎ𝑒𝑟𝑒  𝛼 > 1 (230) 

Kinchin (1978) has used 𝛼 = 1, Griesmeyer et al. (1979) has used 𝛼 = 1.2,   and 

Joksimovich	  &	  O’Donnell	  (1980) has assumed 𝛼 = 1.5. As explained in this section, to 

compare the societal risk of any system with the criterion curve defined above, the 
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complementary cumulative frequency curve of the system should be compared to the 

complementary cumulative frequency criterion, which is obtained as follows: 

𝐹! = 𝑓! .𝑑𝑦
!!"#

!
=

−𝑐
𝛼 − 1 𝑥!"#!!!

— 𝑐 𝛼 − 1 𝑥!!!	   (231) 

=
𝑐

(𝛼 − 1)𝑥!!!                   𝑓𝑜𝑟  𝛼 > 1  𝑓𝑜𝑟  𝑙𝑎𝑟𝑔𝑒    𝑥!"# (232) 

Assuming small 𝑓! and small 𝐹! 𝐹!!"# ≤ 0.1 𝑇 , the expected value per year of 

the consequences of at least 𝑥 is calculated as follows (assuming small 𝑓!): 

𝐸 𝑋 ≥ 𝑥 = 𝑦𝑓!𝑑𝑦
!!"#

!
= −

𝑐𝑥!!!

2− 𝛼                                             𝑓𝑜𝑟    𝛼 > 2  𝑎𝑛𝑑  𝑥!"# → ∞   (233) 

                                  = 𝑐 𝑙𝑛
𝑥!"#
𝑥                                           𝑓𝑜𝑟  𝛼 = 2   (234) 

    =
𝑐

2− 𝛼 𝑥!"#!!! − 𝑥!!!    (235) 

It should be noted that in reality, accidents cannot have arbitrarily large 

consequences. An upper bound can always be defined for the size of accidents based on 

physical limitations.  

Other literatures such as Higson (1978), Kinchin (1982), Groningen (1979), 

VROM (1989), ACDS (1991), ANCOLD (2003) and HSE (2009) have used a power law 

exceedance frequency criterion curve, which has the following equation: 
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𝐹! =
𝐾
𝑥!
        𝑤ℎ𝑒𝑟𝑒  𝛽 > 0   (236) 

which results in the frequency-consequence equation as follows: 

𝑓! =
𝛽𝐾
𝑥!!!

   (237) 

Hence, as long as 𝛽 > 0, the criterion line 𝐹! = 𝐾 𝑥! imposes risk aversion as was 

proved before. 

Discrete Consequences (Fatalities):  f:N vs. F:N curves 

In cases where the consequences are number of fatalities, 𝑥 is replaced by number 

of fatalities, 𝑁. Similar to the continuous case, one can can plot the relationship between 

the number of fatalities (𝑁) that can follow a major accident, ranging from 1 to some 

maximum value 𝑁!"# , and the frequency (𝑓!) (lower-case) at which that number of 

fatalities is estimated. This results in f:N curves on log-log axis. Assuming that an 

accident with N fatality takes place following a Poisson process, the average frequency of 

an event with N fatalities within a specified time period,  𝑓!, is equal to the parameter of 

the Poisson process, 𝜆!, which is also called the accident rate. The cumulative frequency 

of events having N or more fatalities is represented by 𝐹! (upper-case). The relationship 

between N and 𝐹! is usually plotted double-logarithmic scales (F:N curve). The 

information contained in an F:N curve is precisely the same as the information in the 

corresponding f:N curve.  

The population potentially exposed to hazard is always finite, with the maximum 

number of fatality 𝑁!"#. The exceedance frequency curve is of a discrete type and solid 
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lines shown in Figure 204 can now be replaced by a set of points with respective 

coordinates 𝑁,𝐹!  where 𝑁 = 1,2,3,… ,𝑁!"#. 𝑁!"# represents the total number of 

people at risk. The relationship between the 𝐹! and 𝑓! is: 

𝐹! = 𝑓!

!!"#

!!!

   (238) 

Thus: 

𝑓! = 𝐹! − 𝐹!!!   (239) 

𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  𝑜𝑓  𝑎𝑙𝑙  𝑒𝑣𝑒𝑛𝑡𝑠 = 𝑓!

!!"#

!!!

= 𝐹(1) (240) 

For example, if the power law function is used for the 𝑓:𝑁 criterion curve with 

slope 𝛼, the equations for the 𝑓:𝑁 and 𝐹:𝑁 criteria are as as follows: 

𝑓! =
𝑐
𝑁!   

(241) 

𝐹! = 𝑓!

!!"#

!

=
𝑐
𝑁!

!!"!

!

 
(242) 

𝐹! = 𝐹!!! − 𝑓!!! = 𝐹!!! − 𝑓!!! − 𝑓!!! = ⋯ = 𝐹 1 − 𝑓!

!!!

!!!

 
(243) 



 
373 

Griesmeyer, Simpson, and Okrent (1979) used the equation 𝑓! = 10!! 𝑁!.!. It 

was stated that even with the worst case estimate, the reactor in the WASH-1400 (1975) 

could be accepted with such f:N criterion. The 𝑁!"# was not explicitly defined in the 

Griesmeyer et al. (1979) report. However, the maximum number of fatalities due to a 

nuclear power plant accident was estimated to be approximately 10! fatalities. Figure 

205 shows the f:N criterion proposed in  Griesmeyer et al. (1979), the implied F:N 

criterion without specifying the 𝑁!"#, and the implied F:N criterion with 𝑁!"# = 10000. 

 

Figure 205: Griesmeyer et al. (1979) societal risk criterion 𝒇𝒙 = 𝟏𝟎!𝟒 𝑵𝟏.𝟐, the implied 𝑭!𝑵:𝑵 

criterion with 𝑵𝑷𝑨𝑹 = 𝟏𝟎,𝟎𝟎𝟎, and the implied 𝑭!𝑵:𝑵 criterion with 𝑵𝑷𝑨𝑹:𝑵𝒐𝒕  𝑺𝒑𝒆𝒄𝒊𝒇𝒊𝒆𝒅 
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In the above case, it is assumed that N is an integer number. This is not 

necessarily in agreement with the most common current methods of estimating loss of 

life. Methods based on fatality rates may, and usually yield, non-integer numbers. It 

creates unnecessary problem since it is not known how to interpret a half or a quarter of a 

human life – the person either dies or lives and the outcome is always binary. Thus, the 

obvious solution is to round the numbers up or down. On the other hand, calculations 

become much easier mathematically assuming continuous consequences, since 

differentiations and integrations are more convenient than series calculations.  

 Figure 206 shows the societal risk criterion proposed by ACDS (1991) which is a 

exceedance frequency of a power law function with a negative slope of −1: 

𝐹! =
0.1
𝑁!     𝑤ℎ𝑒𝑟𝑒  𝛼 = 1 (244) 

𝑁𝐹! = 0.1   (245) 

𝑁 + 1 𝐹!!! = 0.1   (246) 

𝑁𝐹! = 𝑁 + 1 𝐹!!!   (247) 

𝑁 𝐹! − 𝐹!!! = 𝐹!!!   (248) 

Since 𝑓! = 𝐹! − 𝐹!!!, one can write: 

𝑁𝑓! = 𝐹!!!  

  

(249) 
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Since 𝐹!!! = 0.1 (𝑁 + 1), then 

𝑓! =
0.1

𝑁(𝑁 + 1)   (250) 

Hence, the underlying f:N criterion has a steeper slope, −2. Earlier in this section, The 

same result was derived using continuous consequences.  

 

Figure 206: Health and Safety Executive (2001) societal risk criterion and the implied 

 𝒇𝑵:𝑵 criterion 

Figure 207 shows the unacceptable societal risk criterion proposed by Ministry of 

Housing, Physical Planning and Environment, of the Netherlands (Versteeg, 1988) which 

is a exceedance frequency criterion with a power law function with a negative slope of 

−2 where accidents with 10 or more fatalities with a calculated frequency of 10!!/𝑦𝑒𝑎𝑟, 

are considered as unacceptable. 
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Figure 207: Versteeg (1988) unacceptable societal risk criterion and the underlying 

 𝒇𝑵:𝑵 criterion 

𝐹! =
0.001
𝑁!     𝑤ℎ𝑒𝑟𝑒  𝛽 = 2   (251) 

𝑁!𝐹! = 0.001   (252) 

𝑁 + 1 !𝐹!!! = 0.001   (253) 

𝑁!𝐹! = 𝑁 + 1 !𝐹!!!   (254) 
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Since have 𝑓! = 𝐹! − 𝐹!!!: 

𝑁!𝑓! = 2𝑁 + 1 𝐹!!!  

  
(256) 

Since 𝐹!!! = 0.001 (𝑁 + 1)!, then 

𝑓! =
0.001 2𝑁 + 1
𝑁!(𝑁 + 1)!    (257) 

Utility Theory and Risk Aversion 

The techniques discussed in an earlier section of this chapter, Iso-risk Curves and 

Impact Functions suggested procedures for obtaining a value 𝑣(𝑥, 𝑓!) for any individual 

accident sequence with known probability of occurrence and consequence using impact 

functions. In this dissertation, the value function is defined over two dimensions, 

frequency and consequence to represent the preference structure. An alternative to value 

functions for expressing the preference structure is using utility functions. It is possible to 

assess a utility function 𝑢(𝑥) over the one-dimensional attribute, consequence, and 

associate a utility with each possible event 𝒙 = 𝑥, 𝑓! . If an appropriate utility is 

assigned to each possible consequence and the expected utility of each alternative is 

calculated, then the alternative with the lowest expected utility would be the least 

preferred alternative. The utility function 𝑢(𝑥) has the salient characterizing property 

that, given two frequencies 𝑓!!and 𝑓!!over consequences 𝑥! and 𝑥!, respectively, event A 

is more tolerable than B if and only if: 

𝑁! 𝐹! − 𝐹!!! = 2𝑁 + 1 𝐹!!!   (255) 
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𝐸 𝑢 𝑥! ≥ 𝐸[𝑢 𝑥! ]   (258) 

which is equivalent to: 

𝑢 𝑥!   𝑝(𝑥!) ≤ 𝑢 𝑥!   𝑝(𝑥!)   (259) 

where 𝑝(𝑥!) and 𝑝(𝑥!) are the probabilities of the events with consequences 𝑥! and 𝑥!. 

The above inequalities assert that expected utility is an appropriate criterion to use in 

choosing among alternatives. Consequently, event A is as tolerable as event B if: 

𝐸 𝑢 𝑥! = 𝐸[𝑢 𝑥! ]   (260) 

which is equivalent to: 

𝑢 𝑥!   𝑝 𝑥! = 𝑢 𝑥!   𝑝(𝑥!)   (261) 

which implies that the decision maker is indifferent between the two events.   

Keeney & Raiffa (1976) explain that there is no standardized terminology for 

value functions and utility functions. In the literature, value functions are sometimes 

referred to as worth function, ordinal utility functions, preference functions, Marshallian 

utility functions, and even utility functions. The utility functions are referred to as 

preference functions, cardinal utility functions, von Neumann utility functions, and 

probabilistic utility functions. This dissertation has adopted the term value function for a 

preference function defined on the consequence- frequency, 𝑥, 𝑓!  two-dimensional 

space, whereas the utility function has been defined over the consequence, 𝑥, one-

dimensional space. Although one might choose to use expected utilities instead of values 
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for comparing different risks in the context of societal risk, this dissertation prefers to 

take advantage of value functions in defining the preference structure and presenting the 

indifference curves.  The reason is that value functions defined on of consequence-

frequency space (two dimensions) can represent more general preference structures than 

utility functions defined on consequence space (one dimension). For example, consider a 

preference structure represented by the indifference curve having the following equation: 

𝑥!𝑓!! + 𝑥𝑓! = 𝑐𝑜𝑛𝑠𝑡.   (262) 

The above structure can easily be represented by a value function defined as 

𝑣 𝑥, 𝑓! = − 𝑥!𝑓!! + 𝑥𝑓! , whereas defining a utility function to impose the above 

preference structure is not as straightforward. Another reason for using value functions 

instead of utility functions, is that value functions can be defined in either a frequency- 

consequence space or a probability-consequence space, whereas computing the expected 

utility, when the frequency and consequence of events are given, is not possible without 

further assumptions to calculate the probabilities. However, as long as the indifference 

curve follows the equation 𝜙 𝑥 𝑓! = 𝑐𝑜𝑛𝑠𝑡, and the frequencies are so small that are 

approximately equal to probabilities, 𝑓! ≈ 𝑝(𝑥), the utility function 𝑢 𝑥 = −𝜙(𝑥) can 

be used to represent the underlying preference structure. Since some literatures in the 

context of societal risk have tried to define the preference structure through utility 

functions, the rest of this section describes these functions in more detail. 

According to Keeney & Raiffa (1976), in decision theory “a decision maker is 

risk averse if he prefers the expected consequences of any nondegenerate lottery to that 

lottery. A nondegenerate lottery is one where no single consequence has a probability of 
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one of occurring. In such cases, the utility of the expected consequence of any lottery 

must be greater than the expected utility of that lottery.” In other words, a risk averse 

decision maker prefers the certain consequence 𝑥 to the lottery 𝑥!, 𝑥!  with the same 

expected consequence. The risk averse decision maker is actually saying he prefers to 

avoid the risks associated with the lottery. A decision maker is risk averse if the utility of 

the expected consequence of any lottery is greater than the expected utility of that lottery.  

Theorem (Keeney & Raiffa, 1976):  

A decision maker is risk averse if and only if his utility function is concave for 

gains, or equivalently, his utility function is convex for losses. Consider a lottery that 

yields either 𝑥!with probability (1− 𝑝) or 𝑥!with probability 𝑝, 0 < 𝑝 < 1. The 

expected consequence is 𝑥 = 𝑝𝑥! + (1− 𝑝)𝑥!. For risk averse utility: 

𝑢 𝑝𝑥! + 1− 𝑝 𝑥! > 𝑝𝑢 𝑥! + 1− 𝑝 𝑢 𝑥! , 0 < 𝑝 < 1 
(263) 

 

Figure 208: Utility functions of risk seeking, neutral, and risk averse attitudes 
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Utility Theory and Catastrophic Risks: 

Keeney, (1980a) defined the catastrophic avoidance assumption as: 

“A probability 𝜋 of having 𝑥 fatalities is preferred to a probability 𝜋! of having 𝑥! 

fatalities for any 𝑥 < 𝑥′ given that 𝜋𝑥 = 𝜋!𝑥!.” 

Keeney (1980a) showed that catastrophic avoidance holds if and only if the utility 

function over the number of fatalities is risk averse. From catastrophic avoidance: 

𝜋𝑢 𝑥 + 1− 𝜋 𝑢 0 > 𝜋!𝑢 𝑥! + 1− 𝜋! 𝑢 0    (264) 

By letting 𝑢 0 = 0: 

𝜋𝑢 𝑥 > 𝜋!𝑢 𝑥! → 𝑢 𝑥 >
𝑥
𝑥! 𝑢(𝑥!)   (265) 

which implies that  𝑢 𝑥  must be concave downward.  

It is emphasized again that in this dissertation, events that are on the same 

indifference curve are assumed to have the same value and the same expected utility (by 

definition), which in case 𝑣 𝑓! , 𝑥 = −𝜙 𝑥 . 𝑓! then 𝑢 𝑥 = −𝜙(𝑥).  If the equation of 

the indifference curve is given by 𝑥!𝑓! = 𝑐𝑜𝑛𝑠𝑡., the underlying utility function would 

be 𝑢 𝑥 = −𝑥!. Similarly, if the equation of the indifference curve is given by  

𝑥!𝐹! = 𝑐𝑜𝑛𝑠𝑡, the underlying utility function would be 𝑢 𝑥 = −𝑥!!!. One 

disadvantage of using expected utility instead of value functions is that unless the 

frequency of event with consequence 𝑥, represented by 𝑓! is small, the probability of 
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events with consequence 𝑥 is not equal to the frequency 𝑓! which results in more 

complication regarding the calculation of expected utility. 

Social Cost (Disaster Model): 

Following the terminology used by Okrent & Whipple (1977) and later in 

Griesmeyer et al (1980), it is suggested in this dissertation that the expected utility of the 

consequences is called social cost. 

The idea is that if two different events 𝒙 and 𝒙′ each with its corresponding 

probability of occurrence and consequence are located on the same indifference curve, 

they will both have the same value (i.e. 𝑣 𝒙 = 𝑣(𝒙!)) and the same social cost. It is 

emphasized that in this dissertation, using the term social cost of a system imposing 

societal risk is preferred to using the expected disutility since the former is more 

historically supported by the literature associated with societal risk. 

Since the indifference curves usually have the equation 𝜙 𝑥 𝑓! = 𝑐𝑜𝑛𝑠𝑡., the 

social cost  of an individual event is defined to be obtained from: 

𝑆𝑜𝑐𝑖𝑎𝑙  𝐶𝑜𝑠𝑡   𝒙 = 𝜙 𝑥 𝑓!   (266) 

As seen in the above equation, in cases where the indifference curves have the 

equation 𝜙 𝑥 𝑓! = 𝑐𝑜𝑛𝑠𝑡., the (dis)utility function is the same as the impact function (i.e. 

𝑢 𝑥 = 𝜙(𝑥)). The social cost of a system consisting of 𝑛 possible events 𝒙𝟏,𝒙!,… ,𝒙!  

each with known frequency of occurrence and consequence is obtained from: 
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𝑆𝑜𝑐𝑖𝑎𝑙  𝐶𝑜𝑠𝑡   𝒙 = 𝜙(𝑥!)𝑓!!

!

!!!

   (267) 

It is seen that the social cost of a system is equivalent to its expected value of the 

impact function over the probability distribution of consequences.  

For the 𝛼 −𝑀𝑜𝑑𝑒𝑙  indifference curves for which  𝑥!𝑓! = 𝑐𝑜𝑛𝑠𝑡. the social cost 

is then obtained from: 

𝑆𝑜𝑐𝑖𝑎𝑙  𝐶𝑜𝑠𝑡   𝒙 = 𝑥!!𝑓!!

!

!!!

 (268) 

For a systems with a continuous frequency-consequence curve, 𝑓!, where the 

indifference curves have the general equation 𝑥!𝑓! = 𝑐, the equivalent social cost is 

calculated as follows: 

𝑆𝑜𝑐𝑖𝑎𝑙  𝐶𝑜𝑠𝑡 = 𝑥!𝑓! .𝑑𝑥
!!"#

!
 (269) 

Many societal risk acceptance criteria have been expressed in terms of limits to 

the equivalent social costs: Griesmeyer et al., (1979), Griesmeyer & Okrent (1981), 

Smets (1991), Evans & Verlander (1997), Bohnenblust & Slovic (1998), Hirst (1998), 

Hirst & Carter (2002), and HSE (2009).  

Griesmeyer, Simpson, and Okrent (1979) proposed to use either the F:N criterion 

or the social cost criterion to limit the societal risk. However, in Griesmeyer & Okrent 

(1981), only the use of social cost criterion was proposed. They used the 𝛼 −𝑀𝑜𝑑𝑒𝑙 

(𝜙 𝑥 = 𝑥! with 𝛼 = 1.2. The goal level for early deaths was defined as: 
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(𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦) 𝐸𝑎𝑟𝑙𝑦  𝐷𝑒𝑎𝑡ℎ𝑠 !.!

!""#$%&'(

< 0.4   (270) 

From Smets (1991) argument, it can be implied that the proposed disaster 

criterion (social cost criterion) corresponds to an F:N criterion with slope  –𝛽 (i.e. 

𝐹! = 𝐾 𝑁!) and, equivalently, corresponds to an 𝑓:𝑁 criterion with the slope of –𝛼 (i.e. 

𝑓! = 𝑐 𝑁!) where 𝛼 = 𝛽 + 1. However, neither the 𝐹:𝑁  criterion nor the 𝑓:𝑁 limit 

line was proposed by Smets (1991) to limit the societal risk.  

The equivalent social cost is called the “Risk Integral” in Hirst & Carter (2002) as 

an examining tool for societal risk under the Control of Major Accident Hazards 

(COMAH) Regulations  (HSE, 1999). Hirst & Carter (2002) argued that it might be 

sufficient that the F:N curve of the hazardous installation be below the criterion line in 

some integral sense, allowing it to be above the line locally provided it is sufficiently far 

below the line elsewhere. Assuming slope −1 for the F:N criterion line, they suggested 

that 𝛼 = 1.4 be used to calculate the social cost (also called risk integral) from the 

following equation: 

𝑅𝐼!"#$% = 𝑓!𝑁!.!

!!"#

!!!

   (271) 

To sum up this section, by definition, two events with known frequencies and 

consequences that are on the same indifference line in the frequency vs. consequence 

coordinates share the same social cost. Beside F:N criterion line, an alternative for 

societal risk acceptance criterion, can be expressed in terms of limits to the equivalent 
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social cost of a system. This dissertation emphasizes that if the F:N criterion  𝐹! = 𝐶 𝑁! 

is being applied, the underlying indifference curve will have the equation  𝑥!𝑓! = 𝑐𝑜𝑛𝑠𝑡 

where 𝛼 = 𝛽 + 1 and the social cost is obtained from the formula  𝑥!𝑓!𝑑𝑥
!!"#
! . For 

example, the equivalent social cost of a system imposing societal risk in the Netherlands, 

where the F:N criterion has a negative slope of −2, should be obtained from 

𝑥!𝑓!𝑑𝑥
!!"#
! . 

Intersecting F:N Curves  

F:N curves cannot easily be compared with one another for the purpose of 

ranking (judging which curve represents the higher overall societal risk). Although all 

F:N curves have a generally similar shape, the detail can be very different. The need for 

ranking resulted in developing techniques to sum up the social risk for each site and 

represent it as a single number, thus allowing comparison and ranking. Hence, one of the 

advantages of using the underlying impact function (dis-utility function) to calculate the 

social cost is that it can be used to make decision to choose between two different 

systems each having its F:N  below the criterion line where they might intersect. In 

Figure 209, four different distributions of accident frequencies and numbers of fatalities 

are judged to be equally tolerable on the basis that a criterion F:N line is used for 

acceptability. The first system was the one whose F:N curve actually coincides with the 

criterion line. Such system has the highest mean number of fatalities per unit time. Curve 

(1) in Figure 209 illustrates an example of a F:N curve with the maximum mean number 

of fatalities. The equation of curve (1) is given by: 
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log 𝐹! = log 1 − log 𝑁   𝑁 ≥ 1 (272) 

The mean number of fatalities per unit time, m, when 𝑁!"# = 1000, is ≈ 7.485. 

Therefore the highest mean number of fatalities is about 7.5 with the precise number 

depending on how large is the maximum possible number of fatalities in a single 

accident.  

The second system to be considered is a step-function F:N curve that just touched 

the criterion line. In such system, all accidents have the same consequence. Curve (2) in 

Figure 209 illustrates the particular step F:N curve in which all accidents have ten 

fatalities and occur with a mean frequency of 0.1 per unit time. The mean number of 

fatalities per unit time in this system is 1.  

The third system to be considered is another step-function F:N curve that just 

touched the criterion line. Curve (3) in Figure 209 illustrates the particular step F:N curve 

in which all accidents have 20 fatalities and occur with a mean frequency of 0.05 per unit 

time. The mean number of fatalities per unit time in this system is 1.  

Curve (4) in Figure 209 is an example of an accident whose number of fatalities 

has a geometric distribution with mean number of fatalities per unit time somewhere in 

between the minimum, 1, and the maximum, 7.5. If an accident has a Geometric 

distribution, then: 

𝑔 𝑛 = 𝑓×𝑝 𝑛 = 𝑓× 1− 𝑞 𝑞!!!                    𝑓𝑜𝑟  𝑛 ≥ 1 (273) 
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where 𝑓 is the frequency of fatal accidents , 𝑞 is a parameter such that 0   <   𝑞   <

  1, and 𝑔 𝑛  is the frequency of events with 𝑛 fatalities. The expected value of the 

number of fatalities is given as: 

𝐸𝑉 = 𝑛𝑔 𝑛 =
𝑓

1− 𝑞 (274) 

From curve (4) in Figure 209, it is clear that the parameter values for this 

particular member of the Geometric family are 𝑞 = 0.905 and 𝑓 = 0.246, from which 

the mean number of fatalities per unit time, 𝐸𝑉, is 2.58. 

 

Figure 209: FN-curve for three equi-tolerable systems: (1) accident with FN-curve FN-

criterion, (2) step-function 10-fatality accident, (3) step function 20-fatality accident, (4) 

system with geometric FN-curve (Adapted from Evans & Verlander, 1997) 
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The four different distributions of accident frequencies and numbers of fatalities 

that are judged to be equally tolerable on the basis of a criterion F:N line have the mean 

numbers of fatalities per unit of 1, , 1, 2.6, and 7.5 which indicates that, although they are 

judged to be equally tolerable on the F:N criterion, they are judged to be very different 

based on the average number of fatalities. It is suggested that the systems are ranked by 

their social costs calculated as follows: 

𝑆𝑜𝑐𝑖𝑎𝑙  𝐶𝑜𝑠𝑡  𝑜𝑓  𝑡ℎ𝑒  𝑆𝑦𝑠𝑡𝑒𝑚 = 𝜙 𝑥 𝑓!  𝑑𝑥 =
!!"#

!
𝑥!𝑓!𝑑𝑥

!!"#

!
 (275) 

Equivalently, for discrete consequences such as number of fatalities, 𝑛: 

𝑆𝑜𝑐𝑖𝑎𝑙  𝐶𝑜𝑠𝑡  𝑜𝑓  𝑡ℎ𝑒  𝑆𝑦𝑠𝑡𝑒𝑚 = 𝜙 𝑁 . 𝑓!

!!"#

!

= 𝑁!𝑓!)
!!"#

!

 (276) 

where 𝛼 is the power of the underlying impact function related to the F:N criterion line 

used for  societal risks. If the societal risk of the two systems are below the F:N criterion 

line and they both have the same expected number of fatalities, the one with the lower 

social cost is more preferable to the one with higher social cost. 𝛼 can be derived using 

the equation for the criterion line. For simplicity, continuous consequences, 𝑥, are 

assumed: 

log𝐹 𝑥 + log 𝑥 = log 1⟹ 𝛼 = 2 (277) 

Then, the social cost of all systems can be calculated using the impact function, 

𝜙 𝑁 = 𝑁!, as follows: 
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𝑆𝑜𝑐𝑖𝑎𝑙  𝐶𝑜𝑠𝑡  𝑜𝑓  𝑆𝑦𝑠𝑡𝑒𝑚   1 = 𝑥!𝑓! .𝑑𝑥
!""

!
= 99 (278) 

𝑆𝑜𝑐𝑖𝑎𝑙  𝐶𝑜𝑠𝑡  𝑜𝑓  𝑆𝑦𝑠𝑡𝑒𝑚   2 = 10!×0.1 = 10 (279) 

𝑆𝑜𝑐𝑖𝑎𝑙  𝐶𝑜𝑠𝑡  𝑜𝑓  𝑆𝑦𝑠𝑡𝑒𝑚   3 = 20!×0.05 = 20 (280) 

𝑆𝑜𝑐𝑖𝑎𝑙  𝐶𝑜𝑠𝑡  𝑜𝑓  𝑆𝑦𝑠𝑡𝑒𝑚   4 = 𝑖!×𝑓×(1− 𝑞)𝑞!!!
!!

!!!

= 43 (281) 

It is concluded that systems (1) has the highest social cost, system (2) has the 

lowest social cost, and system (3) has a higher social cost than system  (2), but less than 

system (4). The drawback of F:N criteria in preferential ordering of tolerable alternatives 

and intersecting curves was first denoted in Health and Safety Executive (1989) and then 

studied in Evans & Verlander (1997). Although the method proposed by this dissertation 

in this section, is similar to the method suggested Evans & Verlander (1997) in using 

social costs to order tolerable alternatives, the difference is in calculating the social costs. 

In this chapter, it is proposed that the slope of the negative iso-risk line be used to 

calculate the underlying impact function and, consequently, the equivalent social costs; 

but Evans & Verlander (1997) used the negative slope of the F:N criteria to obtain the 

expected disutility function of a system. Their choice was rather tentative and was not 

backed by the preference structure implied by criterion lines.  

Critiques of Societal Risk Aversion 

In the preceding sections of this chapter, it was explained that the societal impact 

of the fatalities arising from an accident is usually modeled as a function of 𝑁 such as 
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𝑁!, where 𝑁  is the number of fatalities. Therefore, a single large accident is treated as 

more serious than many small accidents producing the same expected number of 

fatalities. However, investigations of risk perception and evaluation have discovered that 

people hold, several conflicting attitudes concerning the social impact of accidents 

claiming 𝑁 lives. Griesmeyer et al. (1980) stated these attitudes as:  

 The social impact of accidents with N fatalities should decrease with increasing N 1.

because the same number of additional lives seem more important in a small 

accident than in a large accident (e.g. 5+2 compared to 500+2);  

 The social impact of accidents with N fatalities should remain constant since each 2.

life is equally important 

 The social impact of accidents with N fatalities should increase with 𝑁 since the 3.

compound consequences affect the whole community in a larger scale. 

 Keeney (1980b) presented three assumptions, each of which imply that the 

society is risk seeking toward multi-fatality accidents. His first assumption is that a sure 

loss of 𝑁 fatalities is less desirable than a 50-50 chance of either 2𝑁 fatalities or 0 

fatalities. Fischhoff (1983) supported this assumption as he found out that when people 

were asked to imagine themselves in the role of civil defense officials forced to choose 

between such policies, fewer than 25% selected the policy leading to the sure loss. 

Keeney's second assumption was that that as 𝑁 gets increasingly large, the difference in 

societal impact between 𝑁 and 2𝑁 approaches zero. He found this assumption reasonable 

since there is a limit to the societal impact of large disasters. Keeney's third assumption 

was that people would prefer "risk equity" defined as uniform risk of death across 



 
391 

individuals. Keeney (1980b) showed that that risk-seeking attitude logically follows from 

such a preference (Slovic et al, 1984).  

Slovic et al (1984) concluded that societal impact of fatal accidents couldn’t be 

modeled solely by a function of 𝑁 such as 𝑁!. An accident will have relatively little 

societal impact beyond that of its direct casualties if it occurs because of a familiar 

process with little potential catastrophe, whereas, an accident that causes little direct harm 

may have huge societal impacts if it increases the judged probability or seriousness of 

future accidents. They believed that for familiar hazards, whose risks are well understood 

and are not catastrophic, the societal impact might be determined adequately by the direct 

costs of 𝑁 lives lost. For hazards that are less well understood or more dread such as the 

risks from nuclear reactors, function of 𝑁 will not be adequate to represent their import. 

Nichols & Zeckhauser (1988) were skeptical regarding the rationale that the 

simultaneous death of 1,000 people in the same incident is somehow worse than the 

isolated deaths of 1,000 otherwise identical people in separate incidents. From their point 

of view, although a single large accident attracts more public attention and concern than 

the same number of fatalities reaped one or a few at a time, it is far from obvious that the 

total loss is greater.  Nichols & Zeckhauser (1988) argued that risk estimates for single 

large accidents with multiple fatalities should not be inflated, which can only increase 

public’s anxiety over risk of catastrophes. If society values risk reduction of catastrophic 

events highly, it should be reflected in the decisions of policy makers, not in exaggerated 

risk assessments that mislead the public about the real tradeoffs between risks and costs. 

Similarly, Linneroothe-Bayer (1993) argued that concern only with the group of people 
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affected in a particular event leads immediately to the moral objection of seemingly 

valuing lives more if they happen to be lost in large numbers.  

Abrahamsson & Johansson (2006) studied the risk preferences related to accidents 

or other situations involving the possibility of multiple fatalities. The vast majority of the 

subjects in their study were found to display risk-seeking behavior concerning the 

potential number of fatalities (i.e. their utility curves were convex or equivalently their 

disutility curves were concave). They concluded that the number of fatalities alone is not 

sufficient to explain how risks for potential large scale accidents are perceived and 

evaluated 

  



 
393 

 Chapter 6: Acceptable Risk 

People are subjected to (and accept) very different levels of risk, depending on 

their life style, occupation, hobbies, age, and their living environment.  Acceptable risk is 

a provocative term since it is usually used in situations where one person, who is not 

exposed to a particular risk, determines that the risk is acceptable to someone else who is 

exposed to the risk. The word acceptable immediately elicit the questions, “Acceptable in 

whose view?” and “Acceptable in what terms?” and “Acceptable for whom?”. 

Individuals have an enormous range of motivations for accepting or not accepting various 

risks and wide range of awareness of risks. Many people, such as industry workers, are 

prepared to accept risks that they are aware of in order to derive financial returns, 

whereas members of the general public are entitled to feel that they are exposed to “no 

risk” at all. Although zero risk or absolute safety is unattainable, there is a level of risk 

below which most people generally cease to be aware of danger or at least stop to be 

worry about it. The acceptable risk strategy employed at the policy level to make 

decisions about hazards is based on such assumption; that there exists a non-zero level of 

probability of occurrence of an accident below which the public is willing to accept the 

risks. At such level, there is no prohibition on the direct involvement in the activity or on 

the endorsement of the activity (The Royal Society, 1983).  

Acceptable Risk Methodologies 

There are several methodologies for assessing risk acceptability. The most 

frequently used approaches are: 
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Cost- Benefit Analysis 

The basic assumption in the cost benefit analysis approach is that the risk and 

benefit can be quantified in the same unit. Monetary values should be assigned to 

fatalities, injuries, and other consequences as well as to the various benefits that may be 

associated with the risk. Cost-benefit analysis proceeds on the assumption that people 

should not (do not) make decisions rationally, on the basis of always minimizing risk 

(costs) and maximizing benefits or utilities. The acceptable risk approach based on cost-

benefit analysis aims to identify a level at which people decide that the expected benefits 

derived from an activity outweigh the expected costs. The biggest drawback of this 

method is the difficulty in evaluating human life since there is no generally accepted 

utility function and no generally accepted parameters for any utility function to price 

fatalities. Another shortcoming of cost-benefit methodology is that the completeness of 

the analysis cannot be assured and various types of impact cannot be compared without 

controversy. The uncertainties are large and stem from the difficulties in making 

estimates of the types and magnitude of the consequences (costs) and benefits and of the 

affects of various policy options upon those consequences. This drawback can result in 

significant omissions from the analysis and making assumptions that often are not 

adequately stated in the report of the results. Thus, intended and unintended biases are 

introduced to the analysis and presentation of results (J. Michael Griesmeyer & Okrent, 

1981). Early summaries of the development and practices of cost-benefit analysis are 

given by Layard (1974) and Mishan, (1976). It should be noted that the assumption is that 

people should not (do not) make decisions rationally based on minimizing risks (costs) 
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and maximizing benefits or utilities. In this approach, the aim is to identify a level at 

which people decide that the benefits of an activity exceed the cost. 

Cost Effectiveness Method 

Cost effectiveness method is a special case of cost-benefit analysis. The benefit 

considered if the cost effectiveness method is that of risk reduction. Various actions to 

reduce risk may be ordered based on the ratio of the magnitude of risk reduced and the 

magnitude of the cost of reduction. The resultant curve will be concave upward (Figure 

210). The question of how much risk is acceptable is then replaced by how much society 

is willing to pay to avoid risk.  If the scales of each axis are normalized (i.e. reduced risk 

and cost are measured in the same unit) , wherever the slope of the curve is equal to 

unity, the marginal cost of increased reduction is equal to the marginal benefit of the cost 

reduction i.e. ∆𝑅 = −∆𝐶,where    ∆𝑅 = 𝑅𝑒𝑑𝑢𝑐𝑒𝑑  𝑅𝑖𝑠𝑘  and  ∆𝐶 = 𝐶𝑜𝑠𝑡  𝑜𝑓  𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 

(Rowe, 1977; Litai, 1980).   

Revealed Preferences 

An alternate approach to determine acceptable risk is revealed preferences 

advocated by Starr (1969). In revealed preferences, the statistics of behavior are used in 

order to infer the underlying perceptions. This method is based on the assumption that, by 

trial and error, the society has arrived at an essentially optimum balance between the risks 

and benefits associated with any activity. In other words, Starr (1969) assumed that 

societal risk-taking experience reflects a state of equilibrium between the risk and the 

benefit associated with any activity. Hence, a quantitative relationship between risk and 
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benefit could be established from observed data and recent risks and benefit data would 

reveal patterns of acceptable risk-benefit trade-off.  

 

Figure 210: Cost effectiveness of risk reduction ordered relationship for discrete risk 

reduction action 𝑺𝒊. ∆𝑹𝒊 = 𝑪𝒉𝒂𝒏𝒈𝒆  𝒊𝒏  𝒓𝒊𝒔𝒌  𝒇𝒐𝒓  𝑺𝒊. ∆𝑪𝒊 = 𝑪𝒉𝒂𝒏𝒈𝒆  𝒊𝒏  𝒄𝒐𝒔𝒕  𝒇𝒐𝒓  𝑺𝒊 (Rowe, 

1977) 

Expressed Preferences 

In cost-benefit approach and revealed preferences method, the public values are 

inferred indirectly, using procedures that may not be theoretically or politically 

defendable. The expressed preferences method attempts to avoid the difficulties 

associated with cost-benefit approach and the method of revealed preferences by asking 

people directly what levels of safety they deem acceptable. Some ways of obtaining 

expressed preferences are opinion surveys, interviewing public interest advocates, 

hearings, detailed questioning of selected groups of citizens, etc. (Fischhoff et al., 1979). 
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Life Expectancy 

 The life expectancy method simplifies decision-making by putting the evaluated 

risk in the perspective of its potential influence of the total expected span of individual’s 

life. Statistical methods are used to calculate the effect of eliminating or adding a given 

risk on life expectancy. One drawback of this method is the difficulty in assessing the 

positive contribution of an activity. Although most technologies have had some influence 

on human life expectancy, assessing such influences quantitatively is often intractable. It 

should also be noted that people do not always behave in a way to increase their life 

expectancy. For example, smoking cigarettes decrease the life expectancy by five years, 

yet is acceptable (Litai, 1980). 

Natural Standards 

The basic assumption in the natural standards method is that risks are acceptable 

if they are small compared to a naturally existing background. For example, allowable 

radiation levels from nuclear-fuel cycle might be identified according to natural 

background radiation and acceptable levels of chemical wastes might be set based on the 

levels found in archeological remains. The reason for their acceptability is that some level 

of radiation-induced mutation is good for the species and traces of many chemicals are 

needed for survival (Baruch Fischhoff et al., 1979). 

Risk Comparison 

One of the most commonly practiced approaches to formulation of risk criteria is 

by risk comparisons. Frequencies of mortality, morbidity, and other consequences are 
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compared between various activities, between different years, between countries, and etc. 

to encourage some desired action or reveal some inconsistencies. Comparisons are 

carried out to decide accepted levels for new risks from the observation of the old ones. 

Similar to revealed preferences method, risk comparison method assumes that risks that 

have been accepted in the past will also be accepted in the future (Litai, 1980). One 

problem with this method is that it ignores the fact that individual perceptions and 

acceptance of risks are affected by a number of factors such as voluntary and involuntary 

imposed risks, immediate and delayed, degree of individual control, benefits from the 

activity, etc. Another problem with risk comparisons is that they inevitably involve some 

disparity in the nature of the risks being compared. A suitable target for one risk may not 

be appropriate for another kind of risk.  

Risk Balancing 

The risk balancing approach is a sub-category of risk comparison approach and is 

frequently used in medical contests. A surgeon compares the risk of his patient’s death 

from the disease he/she is suffering with the risks associated with the surgery. As another 

example of risk balancing, Cohen, (1977) compared the enhanced risks of death from 

bladder cancer following ingestion of saccharin in low calorie soft drinks with possible 

benefits of reduced risks of death from obesity-linked causes which the use of soft drinks 

could bring. Estimated probabilities of fatality of drinking and not drinking low-calorie 

soft drinks were compared through the medium of the associated reduction in life 

expectancy. Risk balancing is very similar to cost effective analysis since a fixed 

objective can be achieved in several different ways and the risks associated with each 

alternative are compared (Jones & Akehurst, 1980).  
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Difficulties of Acceptable Risk 

Some difficulties with the notion of acceptable risk are: 

Dimensions of Risk 

The notion of acceptable risk usually implies that different risks are linearly 

comparable which means that they can be placed on a single dimension and their rank 

order will be meaningful. In other words, the implication is that one can say that the risk 

of course of action A or design A is greater or less than that of design B. However, risk 

are different and one can only compare ‘like with like’. Although it is possible to reduce 

different risks to single numbers through utility functions, the cost of doing so is a great 

loss of information in the expectation operation. Hence, the assumption that the meaning 

of risks can be rank ordered, simply because the numbers applied to them can be, is 

fallacious.  

Temporal Limits 

As denoted in (The Royal Society, 1983) , another difficulty of arising in risk 

comparisons is deciding on  the appropriate temporal unit to calculate probability risks. 

For example, the risk of being killed by fire per person hour of staying at home is less 

than being killed by a fall during rock climbing. However, if one compute the deaths per 

person year, the risk of being killed by fire would be more than the risk of being killed in 

rock climbing.  

Affected Population 
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The acceptable level of risk depends on who is to be affected, what the adverse 

affects are, and what benefits might accrue.  A major problem in defining acceptable risk 

arises when a section of the community that benefits the most from the existence of the 

risky activity is different from the population that is exposed to the risk. In other words, 

the risks are borne by one section of the community such as the nearby residents and the 

benefits are gained by another section of the community such as industries. One man’s 

risk may well be another man’s benefit. 

Accepted vs. Acceptable 

There is a difference between Accepted risk and acceptable risk. For example, 

smoking is widely accepted by the society, but is regarded by most people as 

unacceptably risky. As another example, death has to be accepted by the individual, but 

is not acceptable to him. The fact that a risk is accepted is by no means a guarantee that 

its acceptable as well. Although the background spectrum of risks has often been 

canvassed as a possible source of information about the acceptability of risks, it has 

become obvious that there is no simple relationship between acceptance and 

acceptability. The difference between accepted risk and acceptable risk is then of 

considerable importance 

Alternate Options  

As mentioned before, the notion of acceptable risk is that risk cannot be spoken as 

acceptable or not in isolation, but only in combination with the costs and benefits that are 

attendant to that risk. Considered in isolation, no risk is acceptable. However, even if a 

particular risk is acceptable on the basis of cost-benefit methodology, i.e. the benefits 
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surpass the costs involved, it is considered unacceptable if it is possible to obtain the 

same benefit in another way with less risk, or if the risk can be reduced at small costs. 

Conversely, a much larger risk may be perfectly acceptable if it brings with it a 

substantially reduced cost or increased benefits. Thus, one should adopt a decision theory 

point of view and ask: “What are my options? What are the costs, benefits, and risks of 

each of these options?” The option with the optimum mix of costs, benefits, and risks 

should be selected and considered acceptable. The rest of the options are to be considered 

unacceptable (Kaplan & Garrick, 1981). As Griesmeyer & Okrent (1981) denoted, the 

societal decision to accept a particular risk ideally would be based upon the balance 

between all the benefits and costs of the proposed facility and a comparison with the 

alternatives.  

How individual arrive at decisions 

People do not necessarily arrive at decisions about risk by trading off costs 

against benefits. Costs and benefits are not processed by human decision makers, as they 

are in economists’ models, by simple additive linear arithmetic. Some authors have 

claimed that the evaluation of risks by people is made by reference to values and not to 

utilities. Hence, the major problem then becomes whether it is possible for people to 

trade-off the pro and anti social values in some way. If so, can the process be quantified 

by analysis (The Royal Society, 1983).  

The rest of this chapter is devoted to a brief history of acceptable risk. 
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Revealed Preferences Risk (Starr, 1969; Starr, 1970) 

Starr (1969) illustrated the potential usefulness of revealed preferences (historical 

patterns) by examining the relationship between risk and benefit across a number of 

common activities. In his article, he offered an approach for establishing a quantitative 

measure of benefit relative to cost for an important element in the spectrum of social 

values-specifically, for accidental deaths arising from technological developments in 

public use. His measure of risk for these hazardous activities was the statistical 

expectation of fatalities per hour of exposure to the activity. Benefit was assumed to be 

equal to the average amount of money spent on an activity by an individual participant, or 

alternatively equal to the average contribution that the activity makes to a participant' 

annual income. Starr derived what might be regarded as laws of acceptable risk, as 

follows (Figure 211):  

 The acceptability of risk is roughly proportional to the third power of the benefits;  1.

 The public seems willing to accept risks for voluntary activities (e.g., skiing) 2.

roughly 1000 times greater than it would tolerate from involuntary activities (e.g., 

electrical power generation) that provide the same level of benefit;  

 The acceptable level of risk is inversely related to the number of person exposed 3.

to that risk, i.e. increased public participation in an activity will undoubtedly 

increase the pressure to reduce the risk. 

 The rate of death from disease appears to play, psychologically, a yardstick role in 4.

determining the acceptability of risk on a voluntary basis. Although there may be 

no upper limit to “voluntary” risk-taking, Starr’s study suggested that 
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“involuntary” exposure to risks should not exceed the normal disease level, in 

order to be acceptable as an equilibrium risk for long term, regardless of benefits 

involved. 

 In case of atomic power plant designs, it was concluded that an engineering 5.

design objective determined by economic criteria would result in a design-target 

risk level very much lower (about 1/200) than the present socially accepted risk 

for electric power plants or 1/40 the present risk associated with coal-burning 

plants. 

 Societal policy for the acceptability of public risks associated with socio-technical 6.

systems should be determined by the trade-off between social benefits and 

personal risk. The upper limit was suggested to be that of diseases (𝑃! =

10!! 𝑓𝑎𝑡𝑎𝑙𝑖𝑡𝑖𝑒𝑠 𝑝𝑒𝑟𝑠𝑜𝑛 − ℎ𝑜𝑢𝑟) and the lower limit was proposed to be below 

the natural disaster level (𝑃! = 10!!" 𝑓𝑎𝑡𝑎𝑙𝑖𝑡𝑖𝑒𝑠 𝑝𝑒𝑟𝑠𝑜𝑛 − ℎ𝑜𝑢𝑟). 

 

Figure 211: Risk versus benefit: voluntary and involuntary exposure (C Starr, 1969) 
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Starr denoted in his article that his analysis was based on two assumptions. The 

first was that “… historical national accident records are adequate for revealing consistent 

patterns of fatalities in the public use of technology” (Starr, 1969, p. 1232). The second 

assumption was that “… such historical revealed social preferences and cost are 

sufficiently enduring to permit their use for predictive purposes” (Starr, 1969, p. 1232). 

Starr's approach has the advantage of dealing with public behavior rather than with 

attitudes. Starr (1969) finds it inappropriate for any model to be based on the idea that 

risks below a certain level are disregarded. He suggests to replace such models with the 

ones that take account of the fact that people trade-off risks against benefits in making 

decisions.  

Rowe (1977), using Starr’s data, developed a set of interrelationships among 

statistical risk factors based on differences in voluntary and involuntary risk. He 

concluded that 𝑅~𝐵 for involuntary risks and 𝑅~𝐵!.! for voluntary risks.  Fischhoff, 

Slovic, and Lichtenstein (1979) replicated Starr’s study, expanding it to 25 activities and 

technologies, including the eight Starr used. Despite the differences in procedures, their 

analysis produced results similar to Starr’s. There was a positive relation between 

benefits and risks with the 𝑆𝑙𝑜𝑝𝑒 = 0.3 and 𝐶𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 = 0.55 (Figure 212).   

One problem with Starr’s method was that different investigators such as Otway 

& Cohen (1975) and Rowe (1977)used the same data from Starr (1969) but reached 

different conclusions. There are other drawbacks to the revealed preference methodology. 

It assumes that past behavior is a valid indicator of present preferences. 
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Figure 212: One possible assessment of risks and benefits from 25 activities and technologies  

( Fischhoff et al., 1979)  

However, Starr and his colleagues acknowledged that "The societal value system 

fluctuates with time, and the technological capability to follow fast-changing societal 

goals does not exist".  Furthermore, Starr's approach does not distinguish what is 'best' for 

society from what is 'traditionally acceptable'. What is accepted in the market place may 

not accurately reflect the public's safety preferences. Finally, a revealed preference 

approach assumes that people not only have full information, but also can use that 

information optimally, an assumption which seems quite doubtful in the light of recent 

research into the psychology of decision making (Slovic et al, 1977). 

Comments on Star (Otway & Cohen, 1975) 

The preliminary results of Starr (1969) and Starr (1970) were examined in more 

detail by Otway & Cohen (1975). Acknowledging the fact that Starr’s work was 
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instrumental in stimulating interest in the general field of applied risk-benefit analysis, 

they critically reviewed methods for determination of societal preferences in Starr’s 

work. They found that the methodology and the results were excessively sensitive to the 

assumptions made and the handling of data. They summarized the disadvantages as: (1) 

the societal attitudes in the past can be applied in the future, (2) many factors influence 

the risk acceptance some of which might be unknown, (3) Contrary to Starr’s assumption 

which emphasizes physical (mortality) risks, the acceptance of a new technology can be 

influenced by social reasons, such as prestige, etc.   

Otway and Cohen concluded that the existence of simple mathematical 

relationships, based upon the revealed preferences method, was unlikely. After 

performing regression analysis on Starr’s data, Otway & Cohen (1975) concluded that the 

risk is proportional to 1.8 power of benefit for voluntary risks in society; the relationship 

between risk and benefit follows nearly a 6.3 power of proportionality (Figure 213). As 

seen, Otway and Cohen exhibited different slopes for voluntary and involuntary risks.  

 

Figure 213: Risk versus benefit: regression lines voluntary and involuntary exposure (Otway 

& Cohen, 1975) 



 
407 

Acceptable Risk Criteria for Nuclear-Waste Management (Cohen, 1978) 

Following the review of issues relevant to acceptable risk criteria for nuclear 

waste management, Cohen (1978) states that perceived risk is as important as calculated 

risk and should be taken into consideration in the establishment of acceptable criteria. 

Referring to a probability-consequence-acceptability “frontier”, such as the case in 

Rasmussen study, as a basis for acceptable criteria, Cohen notes that the determination of 

such criteria would be based upon public preferences and subjective values and cannot be 

determined on a technological basis.  

As for risk allocation, Cohen lists three allocation parameters: temporal-risk 

allocation, spatial-risk allocation, and source allocation.  Temporal allocation poses a 

serious problem in developing acceptability criteria since the specter of a serious risk to 

future generation is embedded in the public mind.  To consider the future risk, Cohen 

proposes to discount future risks in the same manner that economic discounting is 

performed to factor the future into risk-criteria development.  Although, determination of 

the suitable discount rate for risk would pose a formidable problem.  

Concerning spatial risk allocation, he notes that the determination of an equitable 

method for allocating risk due to waste-management programs between local, regional, 

national, and global population groups would be a difficult issue to resolve.  This 

problem is somewhat similar to the temporal or intergenerational issue since in both cases 

the probable benefits accrue to different population groups than will the risks.  Assuming 

a set of acceptable risk criteria is developed for the overall nuclear-waste-management 

program, the problem of allocating this risk among possible sources of risk should be 
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addressed, considering economic, social, technological, or the combination of these 

factors.  

Assuming that there is a substantial difference between "actual" (calculable) risk 

and perceived risk and the fact that one wishes to reflect the perceived levels of risk in 

the formulation of waste-management criteria and policies, the relationship between 

actual and perceived risks should be determined.  Cohen notes that in the development of 

waste-management criteria, one must decide to whether control the risk itself, the 

perception of that risk, or both.  Development of acceptable risk criteria requires 

determination of tradeoffs between methods of risk reduction and methods for reduction 

of the perception of risk and application of the social sciences is required to gain an 

understanding of these relationships.  This would be a difficult task since such reduction 

methods are probably not the same.  

Philosophical Basis for Risk Analysis (Starr, Rudman, & Whipple, 1976; Starr & 

Greenfield, 1972) 

Starr and Greenfield (1972) suggested that the hypothesized relation in Figure 214 

between risk and benefit is a typical basis for choosing an acceptable level of risk for 

involuntary exposure of the public.  This figure shows the relation between the per capita 

benefits of a system and the acceptable risk as expressed in deaths per exposure year.  

The highest level of acceptable risks that may be regarded as a reference level is 

determined by the normal US death rate from disease (about 1 death/year per 100 

people).  The lowest level for reference is set by the risk of death for natural events--

lightning, flood, earthquakes, insect and snake bites, etc. (1 death/year per l,000,000 

people).  According to Starr, Rudman, and Whipple (1976)  between these two bounds, 
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the public is apparently willing to accept involuntary exposures, i.e. the risks that are 

imposed by societal systems and cannot be modified by the individual in relation to the 

benefits derived.  Thus, any risk created by a new sociotechnical system is acceptably 

“safe enough” if the resultant risk level is below the curve of the figure.  Starr and 

Greenfield showed that the public-health risk from routine operations of electricity 

generating plants using nuclear fuel or oil is in the range of the very low hazards to which 

the public is exposed by uncontrollable events of nature such as being struck by 

lightning.  

 

Figure 214: Benefit-risk pattern for involuntary exposure Chauncey  & Greenfield (1972)  

Starr, Rudman, and Whipple (1976) identify the existence of four different 

evaluations of future risk: real risk, statistical risk, predicted risk, and perceived risk.  

They note that sometimes the single most important factor in risk perception is risk 

manageability or controllability, where an individual feels safer if given some control 
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over the degree of risk from an activity.  Another important factor in the perception of 

risk is that the accident probabilities are usually not given significant weight and 

concentration on accident consequences can lead to distortions of perception.  One other 

significant factor is the episodic nature of some risks.  The society is more concerned 

with disasters claiming many lives, while single-fatality, accidents are responsible for the 

majority of all accidental deaths.  

According to Starr et al, risk-benefit analysis can be applied in three principal 

areas. The first area relates to the allocation of resources to safety expenditures until the 

marginal exchange between social cost and control cost is equal.   This procedure 

requires that an accepted methodology for determining the social cost of risk be 

developed.  The second area of application for risk-benefit analysis is in the setting of 

standards and performance targets, whether for occupational safety or for public health 

risks, to provide an analytic basis for trade-offs such as that between electric power plant 

emissions and electricity cost.  The final application involves decisions between 

competitive technical systems that produce a similar beneficial function but with 

differing societal costs.  For example, in an analysis of the risks associated with nuclear 

power, it is more common to weigh these risks with the social costs of using coal or oil 

than to balance risks and benefits.  This is because coal and oil have been acceptable 

fuels for power plants.  If the societal costs of nuclear power compare favorably with 

those of coal and oil, then the nuclear power automatically satisfies the risk-benefit 

criteria. 
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Lowrance (1976) 

Lowrance (1976) lists some common guides to acceptability of risk. From his 

point of view, “reasonableness” is by far the most commonly cited and unimpeachable 

principle in safety judgments. He denotes that the concept of reasonableness pervades 

economic analyses of hazard reduction and the structures of legal liability. He then adds 

that the point of safety judgments is indeed to decide what is reasonable. Any rational 

decision will have to be made on more substantive bases, such as generally recognized as 

safe (GRAS), prevailing professional practice, benefits, best available practice, highest 

practicable protection, lowest practicable exposure, etc. According to Lowrance, the 

aforementioned general guidelines should be supplemented with several empirical 

criteria: exposure relative to natural background, occupational exposure precedent, 

public consensus, and comparison with accustomed hazards.  Regarding exposure to 

relative to natural background, the following statement by National Research Council 

(1972) is referred: 

Our first recommendation is that the natural background radiation be used as a 

standard for comparison. If the genetically significant exposure is kept well below 

this amount, we are assured that the additional consequences will neither differ in 

kind from those which we have experienced throughout human history nor exceed 

them in quantity.  

As for occupational exposure precedent, in standards setting, the occupational 

record is usually consulted for an indication of maximal exposure without ill effect. In 

1956, National Council on Radiation Protection and the International Commission on 
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Radiation Protection recommended that for the general public, exposure should be 

limited to no more than one-tenth the occupational levels (Shapiro, 1972). 

Psychometric Risk Acceptance (Fischhoff, 1977; Fischhoff, Slovic, Lichtenstein, 

Read, & Combs, 1978)  

An alternative approach to the revealed preference method that proposed by Starr 

employs questionnaires and psychometric surveys to measure the public’s attitude toward 

the risks and benefits from various activities (Fischhoff, Slovic, Lichtenstein, Read, & 

Cpmbs, 1978).  The general method of expressed preferences was proposed because 

attitudes expressed in surveys often correlate well with behavior and such surveys have 

the advantage of bringing out present values rather than historical preferences. 

Participants were asked to rate each activity or technology from a list of 30 

activities and technologies on nine seven-point scales, each of which represented a 

dimension which has been hypothesized to influence perceptions of actual or acceptable 

risk (e.g., Lowrance, 1976).  Figure 215 shows these 30 risk items on a two-factor space 

and Figure 216 shows a psychometric analysis of the nine scales for risk acceptance of 

nonnuclear electric power and nuclear power.   

The most important findings were:  

 For many activities and technologies, current risk levels were viewed as 1.

unacceptably high;  

 there appeared to be little systematic relationship between the perceived existing 2.

risks and benefits of the 30 activities and technologies considered here. The risks 

entered into voluntarily were not necessarily perceived as greater than involuntary 
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risks at fixed levels of benefit. Whereas, such relationships appeared to emerge in 

Starr's revealed risk-benefit analysis;  

 

 

Figure 215: Location of risk items within the two-factor space (Fischhoff et al.,1978)  

 There was, however, a consistent relationship between perceived benefit and 3.

acceptable level of risk. People in the study believed that society should accept 

somewhat higher levels of risk with more beneficial activities. They also felt that 

society should tolerate higher risk levels for voluntary, than for involuntary 
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activities. Thus, they believed that Starr's hypothesized relationships should be 

obtained in a society in which risk levels are adequately regulated;  

 The nine characteristics hypothesized by various authors to influence judgments 4.

could be reduced to two dimensions.  One dimension discriminated between high- 

and low-technology activities, with the high end being characterized by new, 

involuntary, poorly known activities, often with delayed consequences.  The 

second dimension was associated with events whose consequences are certain to 

be fatal. Consideration of these two factors in addition to perceived benefit made 

acceptable risk judgments highly predictable. 

Fischhoff, Slovic, Lichtenstein, Read, and Combs (1978) noted noted that the 

choice between the revealed preference approach by Starr and the expressed preference 

approach by Fischhoff et al. depends upon one’s conceptualization of the policy-making 

process.  A revealed preference study would be an adequate guide to action only if one 

believes that rational decision-making is best performed by experts who formalize past 

policies as prescriptions for future action.   An expressed preference study would be an 

adequate guide only if one believes that people’s present opinions should be society’s 

final arbiter and that people act on their expressed preferences. 
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Figure 216: Psychometric risk ratings for nuclear power and non-nuclear electric power 

(Fischhoff et al.,1978)  

Acceptability of Risk and Benefits (Gibson, 1977) 

Gibson (1977) defined the Fatal Accident Frequency Rate (FAFR) as the number 

of deaths in every 10! hours exposed to risk.  He concluded that the sum of all specific 

process risks in chemical industry as opposed to general background risk should be not 

greater than an FAFR of 2 if all the risks have been identified, or 0.4 for any single risk if 

they have not.  He then suggested that a socially acceptable FAFR for the public be 

chosen and widely accepted.  

These limits were reached subjectively by examining the FAFR of various 

industrial and non-industrial occupations (as shown in Table 33) and arguing that such 

past records were acceptable.  The choice of FAFR equal to 2 was an improvement over 
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past average performance.  In his view, such arguments stood up well on moral grounds, 

and the question of cost would not enter into them.  

Table 33: FAFR for various industries and non-industrial occupations (Gibson, 1977)

 

He then went on to note while advocating that any risk below this level is socially 

acceptable, it does not necessarily follow that a level above this is socially unacceptable 

since the benefits may far outweigh the risks.  There are situations where the risk is 

greater than the adopted socially acceptable level and reducing it is extremely difficult or 

costly.  Some people might argue that that level must be achieved at all costs; but the 

obvious disadvantage of this approach, as Gibson indicates, is that it makes ineffective 

use of safety resources.  Instead of spending a lot on one difficult problem, those 

resources could have given a more effective return in terms of safety if they had been 

expended on some other less intractable problems.  Gibson then suggests that we should 

be in a position to calculate the safety level at which we are working and use our 

resources in the most effective way in trying to improve the level if it exceeds our figure 

for social acceptability. 

In conclusion, Gibson (1977) states that the acceptability of any risk being judged 

by fixed stringent targets is not always practicable.  He advocates an economic analysis 
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as an aid to balancing all the factors and assessing the alternatives.  In an attempt to 

define objectively the statutory phrase “so far as is reasonably practicable,’’ he proposes 

to balance the cost of an incident in terms of money against the cost of preventing or 

reducing it.  The cost of an incident would include human life loss, public reaction, and 

material damages. 

Kletz (1977) 

Kletz (1977) notes that a number of attempts have been made to derive a scale for 

measuring risk, comparing different occupations or activities on this scale and selecting 

those where elimination of hazard should have the highest priority.  One such scale is the 

fatal accident frequency rate (FAFR), the number of fatal accidents in a group of 1000 

men in a working lifetime (100 million hours).  According to Kletz (1977), the British 

chemical industry’s FAFR is about 4, excluding Flixborough, or about 5 if Flixborough is 

averaged over a 10-year period. The FAFR for various activities are listed in Table 34. 

Table 34: Fatal accident frequency (FAFR) for various UK industries (Kletz, 1977) 

 

Table 35 lists various voluntary and involuntary individual risks.  Regarding the 

acceptance of different risks, Kletz explains that people accept very high risks 

voluntarily; they accept other risks, imposed on them without their leave, if they are 
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sufficiently small.  The risk of being struck by lightning or falling aircraft is so small that 

the occasional death is accepted without complaint.  Very high risks of travelling in road 

vehicles are accepted, presumably because their advantages are clear and obvious.  From 

natural disasters, as Kletz noted, the public accepts risks of about one in a million per 

person per year; from man-made events, except road transport, it seems that an individual 

risk of one in 10 million per person per year is accepted. 

According to Kletz, Leukemia and Influenza have been included in the list as 

examples of risks people do not readily accept.  Most people would support action to 

reduce the incidence of these diseases, but not the other involuntary risks in listed in the 

table.  Kletz (1977) concluded that there is a basis for assessing risks to the public at large 

from industrial activities; if the average risk to those exposed is less than one in 10 

million per person per year, it should be accepted, at least in the short term, and resources 

should not be allocated to its reduction.  

Kletz argues that if risks exceed a certain level, they should be removed as a 

matter of priority, even though removal may be expensive. He then refers to other 

proposals that have tried to base priorities on estimates of the value of a life, calculated 

for example, as the average person’s future contribution to production, less his future 

consumption. Such proposals then argue that if the cost of saving a life is above its 

“value”, the money should not be spent. Kletz is opposed to this argument for two 

reasons, the first pragmatic, the second one of principle: 

If we admit that we will tolerate risks that are expensive to remove, there is no 

incentive to look for cheaper solutions. Every manager may be tempted to say that 
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his risks are expensive to remove. If however we accept that certain levels of risk 

should always be reduced and the obvious methods of removal are too expensive, 

then we have to look for cheaper solutions, which, experience shows, can be 

found. More fundamentally, estimates of the cost of a life are based on a fallacy. 

The value of anything-a house, a car, a pencil, and –a life is not the benefit it will 

bring, but the prices we are prepared to pay for it (Kletz, 1977, p. 322). 

Table 35: Voluntary and involuntary risks (Kletz, 1977) 
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Kletz (1977) believes that the chemical and process industries are too safe which 

means that too much of the nation’s resources are spent on removing the risks to 

employees and the public created by this sector.  The money and time spent would save 

more lives if instead some of it were used to take some of the risk out of coal mining or 

the construction industry or out of road transport.  He then reasons if the process 

industries spent less on safety, there is no social mechanism by which the money saved 

could be allocated to the mines or roads.  Moreover, society does not advance, in any 

field, by marching, uniformly over a broad front.  As an example, in Britain the 

government controls directly both the nuclear industry and the health service, yet the 

implicit life valuations in these two industries are vastly different.  Perhaps the nuclear 

industry can be restrained from spending even more money on safety and any spare funds 

could be given to the poverty-stricken health service.  

To many people, the approach of this article (Kletz, 1977) may seem cold-

blooded and callous. Safety, like everything else, can be bought at a price. The 

more we spend on safety, the less we have with which to light poverty and disease 

or to spend on those goods and services, which make life worth living, for others 

and ourselves. Whatever money we make available for safety, we should spend in 

such a way that it produces the maximum benefit. There is nothing humanitarian 

in spending lavishly to reduce a hazard because it hit the headlines last week and 

ignoring the others (Kletz, 1977, p. 322). 

Dunster & Vinck (1979) 

Regarding the acceptability of risk, Dunster & Vinck (1979) state that the 

acceptability of risk cannot be separated from benefits and ought not to be separated from 
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the ease or difficulty of reducing the risk. From their point of view, cost benefit analysis, 

which is concerned with achieving a net benefit from an operation, and differential and 

marginal cost benefit analysis sometimes called cost effectiveness analysis, which is 

concerned with maximizing the net benefit, must be implicit in our judgment of the 

acceptability of undesirable consequences of human activities. The main idea in cost 

benefit analysis is that human life and injury have, at least implicitly, to be given a value 

that can be compared to social and economic benefits. The argument that is usually raised 

in such cost benefit analysis is that this use of cost benefit studies in relation to health and 

safety is unacceptable and that no one can put a price on a human life. Dunster and Vinck 

add that the situation has probably been complicated by confusion about the meaning of 

“acceptable” in relation to risks such as the probability of death or injury. No such risk is 

acceptable, whatever the benefits, if it can easily be reduced. This argument has 

considerable implications for the form in which health and safety standards such as 

exposure limits should be set, which has given rise to the use of ALARP and ALARA in 

risk acceptance criteria. In such context, the exposure to risk is not acceptable simply 

because it falls below the relevant limit, it becomes acceptable when the risk cannot be 

reasonably reduced.  

Dunster and Vinck recommended that separate risks should be divided into three 

classes as follows and shown in Figure 217: 

1) Unacceptable, when the risk to the individual is too high whatever the 

benefits to society  
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2) Potentially acceptable, when the benefits might be seen to justify the risk, but 

the risk could be further reduced by reasonably practicable means 

3) Acceptable when it is proper to accept the risk because it has been reduced to 

the point when further reductions would cause a decrease in net benefit, i.e. 

further reduction would be unreasonable  

 

Figure 217: Three classes of risk (Kletz, 1982) 

The distribution of risk and the distribution of benefits to society will be different 

across the individuals in a society. One man’s risk may well be another man’s benefit. 

Balancing risks and benefits in this case is tolerable only if the risk to any particular 

individual is kept at a level, which is necessarily fairly low. Although complete fairness 

or equity in distribution of risk is not possible, some limit to the inequity is necessary in 

any civilized society. 

Risks of Risk Decisions (Starr & Whipple, 1980; Starr, 1981) 

Starr and Whipple (1980) explain that the difference between intuitive and 

analytical risk assessment stems from the dual meaning of acceptable risk. Regulators to 

set standards that implicitly define acceptable risk, whereas the intuitive individual 

assessments of acceptability can overrule these decisions through the political process, 

use the analytical methods. The attraction of analytic methods (cost-benefit analysis, 
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decision analysis) is their capacity to make explicit assumptions, value judgments, and 

criteria for making a decision. This approach comes closer to maximizing net social 

benefits than any other approach. The problem with analytical methods is that, in reality, 

it is difficult to measure group values. There is no social consensus on the relative 

benefits and costs of the proposed actions. The result of analytic methods is just rough 

estimates of the social cost and benefits that characterize a decision. For types of risks in 

which intuitive evaluations of risk and benefit contradict analytical evaluations, the 

necessary consensus may not develop and conflicts requiring political resolutions will be 

resulted. 

 Starr's (1969) method of revealed preferences which was based on a study of 

historically accepted risks. Fischhoff, Slovic, Lichtenstein, Read, and Combs (1978) 

method of expressed preferences which was based on risk taking behaviors as determined 

by questionnaire have been developed to understand intuitive risk benefit analysis.  One 

problem with these models is that they do not specify the intuitive procedures for arriving 

at either perceived risk or benefits. Another drawback of such models is that numerous 

decision-making rules do not follow the model. Furthermore, there is evidence to suggest 

that benefits are not intuitively evaluated independently from risks. According to Starr 

and Whipple (1980), developing an understanding of risk-benefit decisions by 

constructing parallels to the analytical methods to obtain the perceived risk-perceived 

benefit view of deciding risk acceptability, despite its limitations, had been supported by 

the fact that the acceptability of a risk increased with increasing benefit both in  Starr 

(1969) and Fischhoff et al. (1978). The evaluation of intuitive risk-benefit process 
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outcome could reduce anxiety and cost if used as a tool in the design of technical 

systems. 

Starr and Whipple (1980) explained that quantitative criteria for acceptable risks 

are needed which resolve, theoretically, many criticisms. One criticism stemmed from the 

fact that a zero-risk goal had been established in several cases. This problem would be 

handled in a quantitative criteria framework by setting a level below which risks would 

be ignored, provided some benefits were associated with the risk. Under such criteria, a 

numerical definition of “reasonableness” is instituted to avoid biases and arbitrariness in 

decisions. Using a quantitative criterion, the effort required to control risk (as measured 

by the cost per life saved) would not vary considerably from one risk to another. The 

maximum number of lives that could be saved nationally is found when the marginal cost 

of saving a life is uniform among opportunities. Therefore, the comparative marginal 

cost-effectiveness of each opportunity for saving lives would become the guiding 

principle in the allocation of resources, and the value of life would be implicit in the total 

national allocation of funds.   

Two kinds of quantitative criteria were proposed; the first quantitative criterion 

was based on marginal trade-off between the social cost of the risk and the cost of 

controlling it. This method is simply a cost-benefit analysis in which the metric for 

judging the social cost of risk has been specified. The second quantitative risk criterion 

framework, which is more pragmatic, is setting a lower risk limit below which no 

regulatory action would be taken. It was also suggested that a maximum permissible risk 

level could be established that would serve to screen out excessively risky alternatives.  
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Starr and Whipple (1980) proposed a pragmatic application of quantitative criteria 

shown in Figure 214, which had been proposed by Starr and Greenfield (1972). Such 

risk-benefit curve identifies a lower limit for concern about risk, an upper limit for 

acceptability, and provisions for risk-benefit trade-off between these limits. Therefore, 

the flag for unsafe conditions could be used as a non-acceptance criterion, and that 

acceptable risk should then be determined by the cost effectiveness of reducing risk 

below the non-acceptable level.  

As for nuclear power plants, Starr (1981) proposed two methods for establishing a 

criterion for an acceptable risk level. The most conservative was to set the acceptable 

upper bound of the range of potential nuclear risks sufficiently below the aggregate risks 

from all other activities, so that the proximity of nuclear power would not detectably alter 

the group’s statistical risk. Since estimated that a worldwide minimum risk to anyone 

from uncontrollable natural accidents was about on death per year per million 

populations, Starr suggested that an acceptable upper bound of potential nuclear risk be 

arbitrarily set at one-tenth this level (10!!𝑝𝑒𝑟𝑠𝑜𝑛  𝑦𝑒𝑎𝑟).  The second approach was to 

seek the most cost effective mixture of expenditures on improving the health of the group 

involved. The reduction of risks from any source has some funds spent on it. If these 

expenditures are totaled, the national pool of health-oriented funds can be reallocated 

among all the causes of accidents to achieve their most effective use in improving public 

health. After evaluating aggregated regional risks, Starr concluded that his proposed 

second approach would raise the acceptable risk level 100 to 1,000 times higher than the 

10!! suggested in his first method. 
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Fischhoff, Lichtenstein, Slovic, Keeney, and Derby (1980) 

According to Fischhoff, Lichtenstein, Slovic, Keeney, and Derby (1980), there 

may be as many approaches to acceptable risk decisions as there are decision makers.  

Agreement is most likely t is found among individuals concerned with only a segment of 

acceptable risk problems with which they have had hands-on experience.  Fischhoff et al 

identified three categories of coordinated, deliberative decision-making approaches: 

formal analysis, bootstrapping approaches, and professional judgments.  

Formal analysis approaches such as cost-benefit analysis and decision analysis 

have evolved from economic and management theory.  These approaches share a number 

of common features,: (a) choices between alternatives, (b) decomposing problems into 

manageable components, (c) a strongly prescriptive decision rule, (d) explicit use of a 

common metric (e.g. dollar value), and (e) applicability to all problems with precise 

consequences, measurable options, and identifiable decision makers. 

Cost-benefit analysis attempts to add up the values of all of the good and bad 

consequences of a project.  It first gained prominence in the 1930's when the U.S. Army 

Corps of Engineers adopted it for evaluating water resource projects.  This criterion 

legitimates choosing the alternative that maximizes the difference between total benefits 

and total costs, regardless of their distribution among gainers and losers. Although the 

idea of listing, calculating, and summing monetary consequences is straightforward, its 

execution may be very difficult.  For example, the issue of establishing the monetary 

value of a life, seems far from resolution.  One variant of cost-benefit analysis is called 

cost-effectiveness analysis.  In some problems, all alternatives have either the same 



 
427 

benefits or the same cost. To choose between alternatives, there is no need to reduce costs 

and benefits to a common metric.  

Despite their logical soundness, formal methods were not developed for the 

problems of acceptable risk. Cost-benefit analysis is most appropriate for private 

decisions in areas with responsive markets, immediate consequences, and well-

informed consumers. Decision analysis presumes the existence of an entity (a 

single decision maker or group) chartered to speak on behalf of society (p. 200). 

Bootstrapping approaches rely on first identifying and then continuing policies 

that have evolved over time.  According to proponents of this family of approaches, 

society achieves a reasonable balance between risks and benefits only through a 

protracted period of hands-on experience.  The safety levels achieved with old risks 

provide the best guide to how to manage new risks.   

Formal approaches assume that policies that have evolved without the benefit of 

careful quantitative analysis may be inappropriate; hence, most existing policies 

have no prescriptive weight. On the other hand, bootstrapping approaches' 

reliance on adjustive processes leads their proponents to believe that descriptions 

of past policies may afford prescriptive guidelines (p. 131).  

Four bootstrapping methods are: risk compendia, revealed preferences, implied 

preferences, and natural standards. 

Since many people have a poor grasp of the risks of modern life, risk compendia 

have tried to quantify the risks of many hazards in common terms.  These aggregated 

estimates into compendia would enhance decision makers’ intuitions and eventually 
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produce consistent standards for different hazards.  Sowby, (1965) provided extensive 

data on risks per hour of exposure, showing, as an example, that an hour of being 75 

years old is as risk riding a motorcycle for an hour.  Cohen & Lee (1979) compiled a long 

list of hazards ordering them in terms of their expected reduction in life expectancy, 

assuming that to some approximation, the ordering in their table should be society’s order 

of priorities.  

Revealed-preferences is another member of the family of bootstrapping 

approaches which assumes that our society has already reached an “essentially optimum” 

balance between the risks and benefits of any existing technology and that this preferred 

balance is revealed in contemporary benefit and risk data.  A new technology’s risks are 

deemed acceptable if they do not exceed the level of risk associated with ongoing 

technologies having similar benefit to society.  

Another bootstrapping approach is implied preferences.  Belief in society's ability 

to manage hazards might lead one to examine its legal records rather than its statistical 

traces.  Laws, tort precedents, and regulatory actions can be interpreted as reflecting the 

compromise between what people want and what current economic and political 

arrangements allow them to have these tortuous processes can be shorten by identifying 

their implicit risk-benefit tradeoff and applying it as a standard for the acceptability of 

other hazards. 

One of the drawbacks of the above three versions of bootstrapping is that all are 

subject to the limitations of the society whose decisions they describe, with its myths, 

mistakes, and inequities, whereas safety standards should be independent of a particular 
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society, especially for risks having collective, cumulative, or irreversible effects.  Rather 

than examining historical time for guideline periods that reveal “social wisdom”, one 

might want to look to geological time to reveal “biological wisdom”.  Tolerable exposure 

levels would be those characteristic of the conditions in which a species evolved.  Hence, 

another bootstrapping method, the natural standards approach, looks to the geologic past. 

For example, it argues that the ambient levels of pollution during the development of a 

species are the level to which that species is best suited and the level to be sought when 

setting future tolerances.  One attractive feature of natural standards is that they can be set 

without knowing precise dose-response relationships.  Furthermore, this method avoids 

the problem of converting consequences into a common unit (e.g. the dollar value of life 

lost).  The few drawbacks of natural standards method are: (a) any new exposure adds to 

nature’s dose unless natural exposures have diminished, (b) some technologies produce 

many pollutants, although each constituting acceptable increments, the cumulative effect 

might become intolerable, (c) technologies may increase some exposures and reduce 

others.  Natural standards pass judgments only on increases, and (d) for completely new 

substances, there is no historical tolerance. 

The first question that arises in using bootstrapping is when to seek the nearly 

optimal tradeoffs: in the present (risk compendia), the recent past (revealed and implied 

preferences), or the distant past (natural standards).  Even if an approach could capture 

the preferences of the period it chose to study, these would indicate only what risks are 

accepted, not what risks are acceptable. Another problem using bootstrapping methods is 

that except with natural standards, one must then decide which hazards to look at in that 

ideal past.  The next problem is defining the contemporary hazard that is to be compared 
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with this historic set and the breadth of the category that it represents. Although they 

consider some fact and value issues in great detail, bootstrapping analyses offer an 

incomplete problem definition because they ignore the question of what options are 

available and all judgments are rendered on the absolute acceptability of individual 

options, regardless of the superiority, inferiority, or nonexistence of the alternatives. 

Regarding societal risk, the drawback of bootstrapping analyses cited above all rely on 

average death rates to characterize risk, whereas the society may be more concerned with 

setting standards on the catastrophic potential of activities.  

In conclusion, risk compendia are superficial and misleading when they ignore 

benefits, equity, catastrophic potential, and uncertainty.  Although revealed preferences 

approach considers benefits, they rely on strong and unsubstantiated assumptions about 

human behavior and the validity of market data. Implied standards may be the most 

inclusive, but makes less sense if one considers the way in which government often 

makes decisions.  Even if risk compendia, revealed preferences, and implied preferences 

approaches could capture what people have wanted in some ideal past, they fail to 

consider what people should want.  Natural standards avoid the flaws of society, but their 

insensitivity to economic issues is politically unrealistic. 

Litai (1980) 

Litai (1980) classifies the approaches treating the problem of acceptable risk into 

two predominate categories: economic risk theory and demographic risk theory. In the 

economic approaches, acceptability is assessed by balancing the expected loss against the 

total benefit expected from the undertaking, or expenses incurred in an effort to reduce 

the risk, or the losses expected from other societal risks, which may be higher and justify 
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greater concern. The drawback of such approaches is that subjective evaluations of 

consequences and benefits may differ largely between people as suggested by utility 

theory.  Methods included in economic risk theory approaches, according to Litai (1980), 

are: risk-benefit analysis, cost-effectiveness, and Starr’s method of revealed preferences. 

In the risk-benefit approach, unit prices must be assigned to fatalities, injuries, and other 

consequences as well as to the various benefits that may be associated with the risk.  For 

the project to be worthwhile, the expected gains must be higher than the expected loss. 

The difficulty in this method arises because of our inability to price fatalities, sufferings, 

and other deleterious consequences.  Cost effectiveness is a special case of cost-benefit 

analysis. The question of how much risk as acceptable is replaced by how much society is 

willing to pay to avoid a risk.  If the relationship between the reduced risk and the cost 

incurred in achieving it is given in a risk, R, vs. cost of reducing risk, C, the trade-off 

point is where ∆!
∆!
= −1.  

The other category of approaches, demographic approaches, assess acceptability 

by checking the impact on society of an undertaking in terms of the expected change in 

life expectancy, the increment of mortality rate over the previous or some background 

rate, or by direct comparison with the demographic effects of older risks of a similar 

nature. In demographic approaches, difficulties arise because different types of risk 

involve different judgment criteria and may not be comparable, either between him and 

her, or with respect to any “natural background” or any other entity. Methods included in 

demographic risk theory approaches, according to Litai (1980), are: expressed 

preferences, life-expectancy analysis, risk-comparison, and natural hazards.  
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In risk-comparison, which is the most commonly used method of evaluating risks, 

frequencies of mortality, morbidity, and other damages are compared directly between 

various activities, between one year and another, between countries and cities, etc.  Two 

important drawbacks may be mentioned with regard to this method: This method assumes 

that risks that have been accepted in the past will also be accepted in the future- the same 

argument that was raised in revealed preferences method. The method is often used 

without due attention to the various factors that govern human perceptions of risk, thus 

comparing, for example, voluntary and involuntary, immediate and delayed, ordinary and 

catastrophic risks without discrimination 

In the natural hazard method, the basic assumption is that all risks are 

unacceptable unless they are barely perceptible, i.e. the risk in question is small compared 

to a naturally existing background such as diseases, or if the risk-exposure relationship 

shows a low threshold level.  Litai added than in general, human behavior indicated that 

much higher risks than would be admissible by this approach are readily acceptable. 

Litai (1980) describes a methodology to assess acceptable levels of risk for 

various human (individual or societal) activities within a factor of 2 or 3. Litai’s 

methodology is a risk comparison method that differs from conventional practice. (1) It 

only compares risks that are assumed to be of the same type and uses risk conversion 

factors (RCFs) to compare risks of different types, and (2) a probabilistic concept of risk 

acceptance is used which allows for the fact that for any risk type, a range of magnitudes 

is likely to be accepted, rather than one single value. This range of values is related to the 

population at risk by a distribution function. The first step is to identify all, or at least the 

more important factors that play a role in determining human perceptions of risk as listed 
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in Table 36.  Dichotomous values are assigned to these factors to prepare a table of risk 

categories, each category corresponding to a particular combination of the dichotomous 

values of these factors.  Next, it will be necessary to establish from observed data 

acceptable distributions for different risk categories, and from these compute the required 

risk conversion factors (RCFs).   

Table 36: Risks factors included in the study (Litai, 1980) 

 

Pearce, Russell, and Griffiths (1981) 

After ranking risks based of their consequences and probability of occurrence by 

using indifference curves on a Probability-Magnitude plane, Pearce, Russell, and 

Griffiths (1981) believe that the benefits should be directly introduced into the picture. 

According to Pearce et al, apart from the fact that the calculus is incomplete without 

reference to benefits - no one chooses between projects based on risks alone. They argue 

that the concept of an “acceptable risk” is without proper meaning unless benefits are 

known noting that this is not a widely accepted definition of acceptable risk. For 

example, it is used in the work of Starr, but it stands in somewhat contrast to the implied 



 
434 

definition in Rothschild (1978). The latter would relate the concept of acceptability to 

other risks implicitly accepted by individuals in their lives.  

If the risks of new activities are compared to already accepted risks for purpose of 

acceptability without considering the benefits, a number of problems are introduced into 

the process of risk acceptability. Firstly, there are problems in determining whether the 

term “acceptable” is proper for the so-called “baseline” risks, such as risk of death in a 

road accident or the risk of death from viral disease. Secondly, apart from the facts that 

the probabilities in question vary so that it is unclear which baseline risk estimate is the 

one being worked to, the nature of risks are inherently different. Additionally, risks must 

not be cumulative. Adding the risk of death from some energy conversion process to the 

risk of death from a road accident ignores the increasing disutility that almost certainly 

attaches to the creation of extra risk. Furthermore, acceptable risk on this definition 

ignores the cost of reducing risks to the baseline level. If the cost of reducing such risks 

differs, one can expect differing perceptions of their acceptability to arise. Finally, 

rationality of the risk-averse stereotype that we have created would be incomplete unless 

risks were related to benefits.  

Otway & Von Winterfeldt (1982) 

Otway and Von Winterfeldt (1982) explained that in a typical normative model of 

risk acceptance, consequences of technological risks are characterized by quantitative 

summary measures (e.g., deaths, illnesses, injuries) and probability distributions over 

consequences are constructed through estimation and simulation. After arriving at a 

quantitative estimate of risk, some risk analysts compare it with statistics reflecting 

society's experience of more familiar risks of technological or natural origin, assuming 
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that physical risk, as accepted in the past, provides sufficient information to judge the 

acceptability of a new technology at present. As an example of some sophisticated 

approaches to embedding method explained above, Otway and Von Winterfeldt referred 

to Starr (1969), Starr and Whipple (1980) work. They had suggested that new risks 

should be embedded, as a function of the benefit provided, between the relatively low 

average risk of death from natural hazards and the upper limit represented by the average 

individual risk of death from diseases.  

Otway and Von Winterfeldt (1982) argued that the risk concept, although perhaps 

useful for treating pure safety issues, is too narrow to help understand the social 

acceptability of technologies and "acceptable risk" as a generalizable number or 

mathematical relationship cannot exist.  A decision to reduce or eliminate an existing risk 

that has been discovered to be "too high" is context-dependent. The regulated group (and 

their risk experts) might disagree with the regulator about the risk magnitude and the 

methodologies used to estimate it.  Each activity is regulated by a different agency that 

has its own regulatory style and organizational objectives.  Thus, there is no reason to 

expect that the risks of all societal activities (or technologies) should be more or less the 

same, nor is there any rational reason to try to change how people think, behave, and 

govern themselves to make it so.  

The acceptance of risks is determined by the acceptance of technologies which 

depends upon the information people have been exposed to, what information they have 

chosen to believe, the values they hold, the social experiences to which they have had 

access, the dynamics of stakeholder groups. The resolution of conflicts about 

technologies requires that they no longer be treated as simple technical disagreements 
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centering on the single issue of acceptable risk. It is necessary to admit the relevancy of 

other, "softer" kind of information, some of them mentioned above, where the expertise is 

held by the people whose lives are affected. According to Otway and Von Winterfeldt, 

the acceptable risk formulation has provided increasingly elaborate and precise answers 

to the wrong question; future research on the acceptability of technologies must be linked 

to the critical questions of institutions, participation, and policy implementation. 

Otherwise, the decisions may ultimately be only empty prescriptions lacking 

arrangements for their realization. 

Difficulties in Formulating Risk Criteria (Holden, 1984) 

Holden (1984) goes on to consider the difficulties associated with some of the 

approaches adopted for formulating risk criteria, including target setting, cost-benefit 

analysis, decision analysis, and the hazard warning structure. 

A traditional approach to formulation of risk criteria is by risk comparisons. The 

basis for target setting is that if a risk is minimal compared with other background risk, 

there will be no need for further reduction of the risk. One problem with this method is 

that individual perceptions and acceptance of risks are affected by a number of features 

such as voluntary and involuntary imposed risks, degree of individual control, benefits 

from the activity, etc. Another problem with risk comparisons is that they inevitably 

involve some disparity in the nature of the risks being compared. A suitable target for one 

risk may not be appropriate for another kind of risk.  

In cost-benefit analysis, one big drawback is that expressing everything in 

monetary units is not easy, but is no real barrier. There is the danger of expressing risk as 
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a single number instead of considering the totality and the distribution of the risk. Most 

risk-benefit analyses involve application of a constant cost per notional life saved to the 

average number of fatalities per year. Such approach is not fundamentally correct. A 

rational individual would pay progressively less for each fixed incremental reduction in 

his risk and so the cost allocated should be related to the individual risks amongst the 

population exposed. Another shortcoming of cost-benefit analysis is that if the risk of 

fatal injury of a rare event can be removed by expenditure of a trivial sum, we are only 

making an unlikely event less likely. However, we are not necessarily trying to maximize 

the number of lives saved through spending the same amount of money in some other 

risk reducing activities, such as medical care. 

For decision analysis, indifference relationships are required to be specified for 

the degree of utility or disutility attached to each variable parameter in the decision 

process. Assuming this can be done, the most complete framework for assessing various 

options is provided. However, as Pearce et al. (1981) noted, unless we are prepared to 

adopt a common measure of social value, such as financial one, a matrix of non-

comparable attributes results and unless all of the attributes are clearly superior or 

inferior, no basis for choice between alternatives is provided. 

Lees, (1985) suggested the idea of hazard warning structure, stating that the ratio 

of damaging events to warning events or “near misses” could be useful consideration in 

acceptability of risks. Based on hazard warning structure method, if a proposed 

installation posed not only a low estimated risk but also exhibited a high ratio of warning 

events to damaging events, there would be confidence that the damaging event would not 
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happen without prior warning. Hence, in a choice of options posing the same risk, a high 

warning ratio would obviously be preferable to a low warning ratio.  

Reid (1992) 

Reid (1992) classifies risk acceptance methods into risk comparisons, the cost-

effectiveness of risk reduction, and cost-risk-benefit analyses. Regarding risk comparison 

method, Reid assumes that acceptable (and unacceptable) risk levels can be determined 

from the risk statistics for existing (accepted) risks. Table 37 lists the statistics for 

individual risk of people exposed to various hazards. The cost-effectiveness approach 

according to Reid (1992) is based on the assumption that the acceptability of a risk 

depends primarily on the cost to reduce the risk, whereas, the risk comparison approach is 

based on the assumption that the acceptability of a risk depends primarily on the 

estimated level of the risk. For risks involving fatalities, the cost-effectiveness of risk 

reduction is related to the marginal cost of saving a life. Assuming the various costs and 

lives saved are comparable, comparisons should be made between the marginal costs of 

saving lives for various life-saving procedures. Such comparisons reveal that procedures 

used to save particular lives (e.g. search and rescue procedures) generally have higher 

marginal costs than procedures used to save statistical lives {e.g. road safety procedures). 

Hence, Reid believes that private and public expenditure on safety is not strongly 

dependent on the cost-effectiveness of risk reduction. For the purpose of cost-risk-benefit, 

the assumption is that all costs, risks, and benefits can be expressed in terms of monetary 

values. Since risk acceptance depends fundamentally on complex value judgments, 

explicit risk acceptance criteria must allow for explicit value judgments and take account 

of all relevant qualitative and quantitative characteristics of risks.  
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Table 37: Individual risk statistics for people exposed to various hazards (Reid, 1992) 
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According to Reid, based on intuitive or heuristic decision-making, the 

acceptability of risks should be determined mainly with regard to the need for risk 

exposure, control of the risk and fairness. Thus, for a risk to be acceptable there must be 

a real need to be exposed to the risk, there must be dependable controls over the risk and 

there must be a fair and equitable distribution of risks, costs, and benefits. On the other 

hand, quantitative risk-acceptance criteria are concerned primarily with uniformity (or 

consistency) of standards and efficiency. Consistency and efficiency are assessed with 

regard to risk comparisons, marginal costs of risk reduction or economic measures of 

combined costs, risks, and benefits. 

Reid (1992) goes on to suggest that there are significant differences between 

intuitive risk acceptance criteria and quantitative criteria. Quantitative criteria cannot 

realistically account for the full range of risk characteristics included in intuitive or 

heuristic decision-making, and the quantitative are not generally consistent with intuitive 

results. 

The risk comparison approach to risk assessment is based on the assumption that 

risks are acceptable if they are relatively small. From Reid’s point of view, risk 

comparison approach ignores the qualitative characteristics of risks and the intuitively 

important principles of need, control, and fairness. From an intuitive point of view, risks 

are not necessarily acceptable when they are small and quantitative risk comparisons are 

valid only if the risks are comparable with regard to all relevant risk characteristics. 

In the cost-effectiveness approach to risk assessment, available funds are 

distributed to the option with the lowest marginal costs to achieve the optimal distribution 
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of expenditure on risk reduction. “However, from an intuitive point of view, this is valid 

only if: the risks are truly comparable with regard to all risk characteristics (not simply 

with regard to quantitative measures); the costs are also truly comparable with regard to 

personal and societal values; and the safety expenditure can be realistically transferred 

between the options for risk reduction. In reality, the above conditions are seldom 

satisfied. Furthermore, although the cost-effectiveness approach avoids problems 

involved with the evaluation of lives and deaths, it implies that all deaths are equally 

unacceptable (which is not the same as assuming that all lives are of equal value). Again, 

this is counter-intuitive, for most people perceive various degrees of unacceptability 

depending on the particular circumstances of death. For example, the death of a drunken 

smoker who sets fire to a mattress is not as unacceptable as the death of an innocent child 

killed in the same fire. Such distinctions are generally lost in the cost-effectiveness 

approach to risk acceptance.” 

Risk acceptance criteria based on cost-risk-benefit analyses suffer mostly from 

limitations due to the quantitative reductionism required to place a monetary value on 

human life. Moreover, it suffers from all the limitations of the cost-effectiveness criteria.  

According to Reid (1992), the differences between intuitive risk acceptance 

criteria and quantitative criteria are generally attributed to a lack of rationality in the 

criteria. Proponents of quantitative criteria claim that such criteria are intrinsically 

rational and that the intuitive criteria are irrational since they use risk perception as their 

basis rather than quantitative analysis. On the other hand, critics of quantitative risk 

assessment question the rationality of reliance on quantitative criteria since they usually 
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ignore many characteristics relevant to intuitive risk perception and heuristic decision-

making. 

In conclusion, Reid proposes that rational risk acceptance must be based 

fundamentally on intuitive risk acceptance criteria, taking account of probabilistic risk 

assessments. Social and political realities should be accounted for too. In general, it is not 

acceptable to increase current (accepted) risk levels. New acceptable risk levels should be 

assessed based on already accepted risk levels, considering potential Pareto 

improvements. According to the Pareto principle, a proposal should be accepted if it 

would yield benefits without imposing any adverse effects on anyone. The conditions for 

Pareto improvements can be relaxed to include improvements such that no individual 

suffers a net adverse effect plus improvements involving compensating payments. Any 

proposal that could not yield Pareto improvements should be rejected, unless it could be 

justified based improved equity with regard to the distribution of costs, risks and benefits. 
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Chapter 7. Acceptable Risk for Dams and Levees in the US 

In this chapter, a method is proposed to derive the target societal risk criterion line 

(or a set of criteria) for U.S. dams from the national F:N curve due to dam failures 

considering the size of dams. The same method will be used to establish F:N criterion 

line for U.S. levee system as well.  

In using societal risk criteria, one of the biggest challenges is whether one should 

use the same F:N criterion line or set of criteria for installations or infrastructures of 

different sizes. The size of an installation or infrastructure means different things from 

different points of views. It could mean the production of an installation, such as in 

chemical plants or nuclear power plants, the actual physical size of an infrastructure, such 

as dams and buildings, the number of people being protected from a hazard by the 

infrastructure, such as levees and dams, etc. The problem is how one should consider the 

scale effect of such industrial plants or infrastructures into consideration when comparing 

their societal risk curve with a set of F:N criteria. In other words, the question is how one 

should change the position of the F:N criterion line or a set of criteria on the log-log 

plane? Should the criteria be based on the size of production of a chemical plant, physical 

size of a building susceptible to fire, number of people protected by levees from floods, 

length of a highway or natural gas pipeline, the volume of the water reservoir behind a 

dam, and so on.  In this chapter, a method is proposed to derive the target societal risk 

criterion line (or a set of criteria) for U.S. dams from the national F:N curve due to dam 

failures considering the size of dams.  The same method will be used to establish F:N 

criterion line for U.S. levee system as well.  
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It should be noted that the risk that is imposed by flood control dams and all levee 

systems on people are supposed to be less than the risks from flooding that those people 

were exposed before the development of such dams and levee system.  This characteristic 

in dams and levee systems make them different from installations such as chemical plants 

or nuclear power plants where the risk imposed by the installations on people living in 

the vicinity of such installations is higher compared to the alternative of not having such 

industrial systems in place.  

Proposed Societal Risk Criterion for Different Hazards 

This dissertation proposes an approach for US dams and levees as follows:  

1. (Assumption) Past standards for acceptable risk are used as a guide for present 

and future decisions about the acceptability of projected risks. This approach 

assumes that standards will be revised over time in response criticisms or 

recognized problems, which supports giving past standards normative weight and 

using them as prescriptive guides. Historical national accident records are 

assumed adequate for revealing consistent patterns of acceptable societal risk. 

This step is the basic assumption of the work of Starr (1969). By trial and error, 

society has arrived at a balance between the risks and benefits associated with any 

activity. The balancing process goes on continuously as new activities are 

introduced, or new insight about old ones is gained (Fischhoff et al. 1978)). As 

Starr (1969) noted, since this methodology is based on historical data and it is not 

supposed to distinguish what is "best" for society from what is "traditionally 

acceptable.” Moreover, changes, due to technical and scientific progress and 

social and political transformations can make one risk acceptable in the past and 
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not in the present or future Murphy & Gardoni, (2008). This assumption has been 

used by Starr (1969), Okrent & Whipple (1977), Higson (1978), Rasbash (1985), 

HSE (1988), Advisory Committee on Dangerous Substances (1991), HSE (1992), 

and Sobkowics (1996). 

2. (Proposition) Risk comparison is the most commonly practiced method of 

evaluating risks. The F:N curve of the activity in question (e.g. dam failures or 

floods) can be compared with other sources of societal risks (e.g. aviation 

accidents or earthquakes), with the same hazardous activity in other countries, etc. 

to encourage some desired action or reveal some inconsistencies. This method has 

been proposed in WASH-1400 (1975), Kinchin (1978), Higson (1978), Levine, 

(1980), Coppola & Hall (1981), Gittus (1982), Morgan (1992), and ANCOLD 

(1994). 

3. (Proposition) Using regression analysis, a straight line with the negative slope on 

𝑙𝑜𝑔 − 𝑙𝑜𝑔 scale is drawn using the historical national F:N curve of the hazard in 

question. This line is the target national F:N criterion for all installations imposing 

the same class of risk (e.g. dam failures or breach of a levee system) and is used 

as a yardstick to specify the criterion line for each individual installation (e.g. a 

local dam or a levee system). This has been done for dams and levees in chapter 4 

of this dissertation. 

4. (Proposition) For the purpose of using in other countries with populations 

different from U.S., it is suggested that the target national F:N criterion obtained 

above for the U.S. be scaled up or down, linearly proportional to the population of 
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the country in question, whether it has a larger or smaller population compared to 

U.S., respectively. Adjusting the F:N criterion line based on the population of a 

country has been used by Kinchin (1978), Higson (1978), Rasbash (1985), and 

later by Sobkowics (1996). 

5. (Assumption) For the purpose of this chapter, individual installations are assumed 

independent of each other. In other words, if an accident occurs in one installation 

(for example if the water overtops a local dam), it is considered independent of 

whether any other installation has had any accident or not. Moreover, the number 

of fatalities of two different accidents are assumed uncorrelated. In reality, there 

are usually some degrees of dependence between two separate systems. For 

example if a component fails in one airplane, the posterior probability that the 

same component, manufactured under the same conditions, fails in another 

airplane increases.  As another example, if a dam is overtopped in a rainy season, 

the probability of being overtopped for other dams in the vicinity would go up. 

The effect of correlation will be studied in chapter 8 of this dissertation. 

6. (Proposition) In order to define target F:N criterion line for individual 

installations (local F:N criterion), it is necessary to decide how the total risk 

should be distributed amongst the various installations nationwide. At the very 

least, it is necessary to have information on the distribution, numbers, and size of 

the various risk imposing installations and infrastructure in question (e.g. number 

of dams their sizes, depending on the definition of the size). For local F:N 

criterion, the national F:N criterion is scaled down based on the proportion of the 

size of the individual installation to sum of the sizes of all installations 
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nationwide. This idea was first introduced by Griesmeyer & Okrent (1981)  to 

propose safety goals by limiting the individual and societal risk of early and 

delayed deaths from light water nuclear power reactors. Scale effect was then 

used by Rasbash (1985) in quantitative approaches to fire safety risks of building 

with different physical sizes. Later, the concept of scale effect was used in 

Advisory Committee on Dangerous Substances (1991) to derive the local scrutiny 

level for individual ports based on the proportion of the volume of the cargo being 

handled at that port to the national volume of cargo handled in all ports. In 2002, 

Skjong & Eknes to outline a method to establish risk acceptance criterion that 

discriminates between different risks based on their importance to society. They 

measure the importance of an activity in economic terms, assuming that what is 

paid in an open market represents the importance. Gross National Product (GNP) 

is used as an aggregated indicator of the economic activity. 

7. (Definition) The size of installations or infrastructures might be defined 

differently from their actual physical size for the purpose of societal risk control, 

but it is required that for each activity it is clarified that what exactly is considered 

as the size of the installation. For example, for a nuclear power plant, the size can 

mean the amount of electric power produced in MWe unit. As another example, 

for a port, the size can be defined as the volume of trade being handled at the port 

in tons per day. According to the authors of this chapter (Baecher & Sohi), for 

systems that are designed, mainly or partially, for protecting people (e.g. dams or 

levees), the size can be defined as the population protected by the infrastructure 

(e.g. the number of people protected by levees from the risk of being flooded). 
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Sometimes two or more factors attribute to the size of an installation or 

infrastructure. In such cases the all factors should be weighted, respectively based 

on their importance, and converted to the same unit. For example, for a dam that 

generates electricity and protect the people living downstream from floods, two 

factors, amount of electricity and number of lives protected, determine the size of 

the dam. For this example, the dollar value of the electricity in energy markets 

and the dollar value of lives saved determine the size of the dam in dollar per day 

or dollar per year. These attributing factors could be multiplied by a weighting 

multiplier to dignify the comparative importance of some benefits over the others.  

Dam Safety Guidelines in U.S. 

United States federal agencies that own or regulate dams and related facilities do 

not have common guidelines to evaluate tolerable risks for those facilities.  The United 

States Army, Corps of Engineers (USACE) is working closely with the Bureau of 

Reclamation (Reclamation) and the Federal Energy Regulatory Commission (FERC) to 

develop a common dam safety risk management framework that includes tolerable risk 

guidelines. Reclamation has been using Guidelines for Achieving Public Protection in 

Dam Safety Decision Making, which were originally issued as interim guidance in 1997 

and subsequently in final form in 2003.  USACE revised and published new policies 

(USACE 2010) and developed, tested, and applied risk screening and risk assessment 

methodologies to its portfolio of some 600 plus dams. Included in the new policies are 

two tolerable risk guidelines: 1) Guidelines adapted from ‘Public Safety Guidelines’ of 

Reclamation (U.S. Bureau of Reclamation, 2003); and 2) guidelines adapted from the 

‘Guidelines on Risk Assessment’ by the Australian Committee on Large Dams, Inc. 
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(ANCOLD, 2003) and the New South Wales Government Dam Safety Committee 

(NSW-DSC, 2006), supplemented by principles developed by the International 

Committee on Large Dams (ICOLD, 2005). 

U.S. Bureau of Reclamation (1997) 

Reclamation’s Public Protection Guidelines (USBR, 1997) were intended to be 

just “guidelines” for ensuring adequate and consistent levels of public protection and they 

were intended to be non-prescriptive. USBR (1997) requires considerations of two 

aspects of dam safety: likelihood of failure and likelihood of life loss resulting from 

failure. Thus, the guideline is referred to as a two-tier guideline.   

Tier I deals with loss of life considerations. The estimated average annual loss of 

life is the sum of the probability of dam failure multiplied by the annual probability of the 

loading and the estimated number of lives that would be lost for each dam failure 

scenario under a particular loading category: 

  

(282) 

The numeric “gradational break” between “strong justification” and reduced 

justification” for taking action to reduce the risk is 0.001 lives lost per year (Figure 218).  
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Figure 218: Tier I guidelines: loss of life (U.S. Bureau of Reclamation, 1997) 

Reclamation’s historical record, (up through the time of the Teton Dam failure), 

was one failure out of an estimated 335 significant and high hazard dams operating for an 

average time period of 30.7 years each. This equals about 10!! failure probability per 

dam year of operation (1 failure/ 10,297 dam years of operation). This event had a life 

loss attributable to dam failure estimated to be from 6 to 11 persons. Using a loss of life 

of 10, the estimated annualized life loss for Reclamation dams through failure of Teton 

Dam was 10!!. As noted in USBR (1997), although loss of life risks and consequences 

might be addressed at a specific dam, the probability of a dam failure nationwide 

increases as the inventory of dams and the time of exposure increase. Thus, it becomes 
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more difficult to ensure that the Bureau of Reclamation will not experience a dam failure. 

To manage a large inventory of dams, Tier II chart, as shown in Figure 219, is used to 

illustrate the estimated likelihood of a failure event versus the need to take risk reduction 

actions. Although no two dams pose the same risk to the public, USBR (1997) suggested 

to consider an equal, average probability of dam failure for all dams.  

 

Figure 219: Tier II guidelines (U.S. Bureau of Reclamation, 1997) 

The numeric “gradational break” between “increasing justification” and 

“diminishing justification” for taking action to reduce the maximum combined annual 

probability of dam failure is 1/10,000 .  Statistical data compiled in the mid-1980’s on 

dam failures and accidents by Von Thun (1985) and Hatem (1985) indicate an overall 

dam failure rate somewhat greater than 1/10,000 per dam year of operation (von Thun, 

1999).  
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Because the entire population is not exposed to potential dam failure, von Thun 

(1999) made and attempt to compare the risk to the population exposed to dam failure to 

other background risks to which they are or may be exposed. Such calculation required 

consideration of the number of high and significant hazard dams in the U.S. (22,190 dam 

locations for 1980 to 1996), dam failures resulting in fatalities (8 failures from 1980 till 

1996), the number of deaths from dam failure (17 fatalities from 1980 till 1997), and the 

average population at risk for each dam (which required an assumption of 100-1000 

individuals). The estimate derived from these calculations from the historic record was 

that the risk of life loss incurred by an individual living below a high or significant hazard 

dam ranges from in 1 2, 291,000 to 1/22,910,000. Comparing to the annual probability 

of life loss for an exposed individual in the United States, von Thun (1999) indicated that 

keeping dam failures and resulting fatalities at or below the historical failures and life 

loss rates does not contribute significantly (< 1%) to the background risk of an 

individual exposed to a high or significant hazard dam that meets this risk guideline. The 

background hazards were heart disease, cancer, motor vehicle accidents, homicide, fire, 

drowning, electrocution aviation accidents, and cancer due to x-ray exposure. 

U.S. Bureau of Reclamation (2003) 

The guideline to evaluate Annual Probability of Failure estimates (previously Tier 

II in USBR, 1997) recommended by USBR, (2003) was that that decision makers should 

consider taking action to reduce risk if the estimate of annual failure probability exceeds 

1 chance in 10,000. The estimated risk (annualized life loss; previously Tier I in USBR, 

1997) is calculated for each specific loading category (seismic, static, hydrologic, 

improper operation, etc.) for a  specific dam based on the estimated life loss from dam 
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failure. Reclamation considers that there is justification for taking expedited action to 

reduce risk if: 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑  𝑟𝑖𝑠𝑘  𝑖𝑠  𝑝𝑜𝑟𝑡𝑟𝑎𝑦𝑒𝑑  𝑡𝑜  𝑏𝑒 > 0.01  𝑙𝑖𝑣𝑒𝑠/𝑦𝑒𝑎𝑟. For estimated 

risk between 0.01 and 0.001, Reclamation considers that there is justification for taking 

action to reduce risk. The justification to implement risk reduction actions or conduct 

additional studies diminishes as estimated risks become smaller than 0.001. The annual 

probability of dam failure and expected annual life loss should be presented for each load 

category on an 𝑓:𝑁 diagram as shown in Figure 139. The f  𝑓:𝑁 diagram illustrates the 

probability of dam failure, the potential consequences, and the expected annual life loss 

risk associated with a given load category on one diagram. The guidelines for considering 

risk reduction action are illustrated as dashed bold lines on the 𝑓:𝑁 diagram. 

U.S. Bureau of Reclamation (2011) 

For Annualized Failure Probability, USBR (2011) uses a guideline of 1 in 10,000 

per year for the accumulation of failure likelihoods from all potential failure modes that 

would result in life-threatening unintentional release of the reservoir.  
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Figure 220: The f:N chart for displaying probability of failure and life loss (USBR, 2003) 

When the mean estimate is above this threshold level there is generally increasing 

justification to take action to reduce or better understand the risks. Below this threshold 

level there is generally decreasing justification to reduce or better understand the risks. 

This guideline is shown as a horizontal line at 10!!  on the risk guidelines chart (Figure 

221). For Annualized Life Loss, Reclamation uses a guideline of 0.001 fatalities per year. 

There is generally increasing justification to take action to reduce or better understand the 
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risks for mean estimate above the guideline of 0.001 fatalities per year. There is generally 

decreasing justification to reduce or better understand the risks when they are below this 

guideline value. The primary means to portray risks is the 𝑓:𝑁 chart (Figure 221) where 

risks associated with individual potential failure modes are plotted as well as the total 

risk. The guidelines are applied to individual potential failure modes when dominated by 

a single failure mode or the summation of failure mode risks when several plot near the 

guidelines. 

 

Figure 221: USBR dam safety risk guidelines chart (U.S. Bureau of Reclamation, 2011) 
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US Army Corps of Engineers (Munger et al., 2009) 

The United States Army, Corps of Engineers (USACE) has developed interim 

tolerable risk guidelines, which are based on the 2003 Reclamation guidelines 

“Guidelines for Achieving Public Protection in Dam Safety Decision-making”, risk 

evaluation guidelines published by the Australian National Committee on Large Dams 

“Guidelines on Risk Assessment” (ANCOLD, 2003), and the 2006 adaptation of the 

ANCOLD guidelines implemented by an Australian regulator, the New South Wales 

Government Dam Safety Committee (NSW-DSC, 2006). Two types societal risk are used 

under the USACE tolerable risk guidelines: F:N criterion and Annualized Life Loss 

(ALL).  The societal risk is represented by a distribution of the estimated annual 

probability of potential life loss from dam failure for all loading types and conditions, all 

failure modes and all population exposure scenarios. This is displayed as an F:N chart 

(Figure 222 & Figure 223) which is a plot of the annual probability of exceedance 

(greater than or equal to) of potential life loss (𝐹) versus incremental potential life loss 

(𝑁).  

Annualized life loss is the expected value (average annual) of the incremental 

potential life loss resulting from dam failure shown in the F:N chart. Annualized 

incremental societal life loss will be evaluated based on Reclamation's limit values for its 

ALL Public Protection Guideline. This should be applied to the total estimated annualized 

incremental life loss from all failure modes associated with all loading or initiating event 

types and considering all exposure conditions associated with life loss. The USACE 

policy for the estimated 𝐴𝐿𝐿  is (Munger et al., 2009): 
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• 𝐴𝐿𝐿   >   0.01  𝑙𝑖𝑣𝑒𝑠/𝑦𝑒𝑎𝑟: Risk in this range is unacceptable except in 

exceptional circumstances and is a reason for urgent actions to reduce risk.   

• 𝐴𝐿𝐿  𝐵𝑒𝑡𝑤𝑒𝑒𝑛  0.01  𝑎𝑛𝑑  0.001  𝑙𝑖𝑣𝑒𝑠/𝑦𝑒𝑎𝑟 Risk in this range is 

unacceptable except in exceptional circumstances and is a reason for 

regular actions taken to reduce risk.  

• 𝐴𝐿𝐿   <   0.001  𝑙𝑖𝑣𝑒𝑠/𝑦𝑒𝑎𝑟 : Risk in this range may be considered 

tolerable, provided that the other guidelines are met.  

 

Figure 222: Societal risk guidelines for existing dams (Munger et al., 2009)  
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Figure 223: societal risk guideline for new dams and major modification (Munger et al., 2009)  

Other than the life safety risk guidelines described above, the Annual Probability 

of Failure (APF) must be evaluated regarding the loss of structural integrity of the dam or 

other project features and incidents resulting in an uncontrolled release of reservoir 

storage. The USACE policy for estimated APF is: 

• 𝐴𝑃𝐹   >   1  𝑖𝑛  10,000  𝑝𝑒𝑟  𝑦𝑒𝑎𝑟: APF in this range is unacceptable except 

in exceptional circumstances.  

• 𝐴𝑃𝐹   <   1  𝑖𝑛  10,000  𝑝𝑒𝑟  𝑦𝑒𝑎𝑟: APF in this range will be considered 

tolerable provided the other tolerable risk guidelines are met.  
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Australian Dam Safety Guidelines (Higson 1978; 1985) 

Higson (1978), from the Australian Atomic Energy Commission, recommended 

specific limits to fatal accident frequencies as a safety goal for any new industry in 

Australia.  For societal risk limits, Higson (1978) considered the WASH-1400 F:N plot 

for man-made accidents and  enclosed the curves of this plot within two lines, A and C, 

with a factor of approximately 100 apart (Figure 224). The area above line A represented 

the risks that were unacceptable. The area below line C represented the safe area where 

the risks were generally ignored. Between lines A and C the risks had to be made as low 

as reasonably achievable taking economic and social factors into account. Curve B (a 

factor of ten lower than A) is proposed as the upper limit for nuclear plant accidents.  

 

Figure 224: Criteria scaled to U.S. population (Higson, 1978) 



 
460 

Figure 225 represents the risk to the public in the US, estimating the population to 

be approximately 222 million. In Figure 226, curves A, B, and C were scaled to the size 

of the population of the United Kingdom (56 million) and were compared with the upper 

limit of risks from the British nuclear power program, assuming that all twenty eight 

British nuclear plants had met Farmer’s criterion on rural-industrial sites, with the risks 

from chemical plants on Canvey Island as estimated in First Canvey Report (HSE, 1978). 

Figure 227 shows Higson’s proposed criteria for Australia’s population of 15 million. 

The band between acceptable and unacceptable risks was arbitrarily chosen to provide a 

ratio of 20 to 1: the focus of Higson’s set of criteria was on the acceptable risk curve 

rather than the tolerable criterion line.  

 

Figure 225: Criteria scaled to U.K. population (Higson, 1978) 
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Figure 226: Proposed criteria scaled to Australia population (Higson, 1978) 

In 1985, using concepts from NII (1979) and NRC (1983), Higson proposed 

modified criteria for collective risk (Figure 228). He had adopted the impact of one 

reactor on a population of one million as the basis for the modified criteria. His rationale 

was that for a 1000-MW(e) nuclear power station, it would be reasonable to base the 

design objective on the impact on approximately a million people at greatest risk. He then 

noted that the probability of an accident killing 10 people should be 15 times less in a 

population of 1 million than in Australia’s 15 million population, which had been used as 

a basis in his 1978 proposed criteria. Also, in deriving the modified criteria shown in 

Figure 227 from the proposed limits of 1978 that are shown in Figure 226, acceptable 

frequencies were lowered by a factor 10 to achieve a higher level of safety for nuclear 
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power plants compared to other industries. Hence, the resulting reduction factor was then 

about 150 less than the first proposed criteria to the modified ones.  

 

Figure 227: Proposed criteria for societal risks per reactor (Higson, 1985) 

Higson (1990) 

To propose a framework for assessing risks from accidents involving nuclear 

reactors, Higson (1990) refers to two anchor points used by HSE and NRC. Drawing no 

distinction between early and delayed fatalities, HSE (1988) concluded that 1 chance in 

10,000 per year of a nuclear reactor accident in the UK causing 100 cancer deaths might 

be tolerable. The 1 in 10,000 per year chance was associated with up to 20 modern 

nuclear power reactors and could be expressed as a rate of 5×10!! per reactor year. 
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Figure 228(a) shows an F:N curve passing through 5×10!! per year for fatalities of 100 

or more. This curve was taken as the limit.  

Also as shown in Figure 228(a), a curve is passing through a point identified as 

10!! per reactor year for early fatalities of 1 or more, in accordance with the U.S. NRC 

(1986) general performance guidelines. This curve was considered to be in the de minimis 

region. Higson (1990) arbitrarily proposed an intermediate curve (between the limit and 

de minimis curve) as an objective as shown in Figure 228(a) and Figure 228(b). These 

curves were extrapolated to 𝑁 < 1 to indicate that the criteria might be applied to 

accidents that have a probability of less than one for any fatality. 

 

Figure 228:  (a) Anchor points denoted by HSE and USNRC, (b) The proposed societal risk 

criteria  (Higson, 1990) 
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 ANCOLD (1994) 

The Australian National Committee on Large Dams (ANCOLD, 1994) specified 

two levels of risk for both individual and societal risk. The larger risk level was called the 

Limit and the smaller risk level was called the Objective. Risks larger than the Limit are 

nearly always unacceptable, those lower than he Objective are always acceptable and 

those in between are to be as low as reasonably practicable. Both the individual risk and 

the societal risk were to be satisfied. As for societal risk, ANCOLD (1994) adopted the 

societal risk criteria proposed by Higson (1990) because it set risk levels that were seen 

as broadly acceptable, though perhaps a little conservative, for dams and because of the 

careful, well reasoned manner in which Higson had developed it (McDonald, 1995).  

ANCOLD (1994) noted that Higson’s curve would be slightly over-conservative 

for dams. Nuclear reactors can produce a wide range of accident events with varying 

levels of fatalities. It is expected that the F:N curve for a nuclear plant would more or less 

parallel Higson’s criterion curve as shown in Figure 228. By contrast – for example, for 

flood caused failure- a dam will have zero incremental fatality potential up to the 

imminent failure flood and then a more or less constant fatality potential for rarer floods. 

Thus the F:N curve for a dam tends to a rectangular shape (Figure 229). According to 

Fell & Hartford (1997), the criterion was later revised to those presented on Figure 230. 

These are less conservative than the original societal risk criteria established by 

ANCOLD, (1994) which had adopted a higher aversion factor for high fatalities, with the 

slope being greater than -1 at the high fatality end since the F:N acceptability lines, 

drawn on the log-log scale, were curved.  
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Figure 229: Comparison of F:N curves for dams and reactors (ANCOLD, 1994) 

The revised F:N acceptability criteria exhibits a constant slope of -1, although it 

can be seen that the "unacceptable" limit is truncated horizontally at 10!! per annum. 

This is in recognition of ANCOLD's view that it is unrealistic to design a dam with a 

failure probability lower than 10!! per annum. This is an unusual feature for F:N 

acceptability criteria, and tends to imply that it is no more unacceptable to kill 10,000 or 

more persons than 100 or more persons.  
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Figure 230: Revised F:N criteria for ANCOLD after 1994 (Fell & Hartford, 1997) 

ANCOLD (2003) 

ANCOLD (2003) proposed new societal risk criteria for existing and new dams. 

The key development after ANCOLD (1994) that resulted in ANCOLD (2003) guidelines 

were (McDonald, 2014): 

• United States Bureau of Reclamation (USBR) published Guidelines for Achieving 

Public Protection in Dam Safety Decision Making (USBR, 1997; USBR, 2003); 

• HSE published the Ball and Floyd report: Societal Risks (Ball & Floyd, 1998); 
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• United Kingdom Health and Safety Executive (HSE) published Reducing Risks, 

Protecting People (HSE, 2001); 

• HSE published three internal guides on application of life safety criteria (2001); 

• Planning NSW had re-published Risk Criteria for Land Use Planning (New South 

Wales, Department of Urban Affairs and Planning, 2002). 

For existing dams, a societal risk that is higher than the limit curve shown in 

Figure 231 is unacceptable, except in exceptional circumstances. For new dams or major 

augmentation of existing dams, a societal risk that is higher than the limit curve shown in 

Figure 232 is unacceptable, except in exceptional circumstances. 

 

Figure 231: Revised ANCOLD societal risk guidelines for existing dams (ANCOLD, 2003) 
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Figure 232: Revised ANCOLD societal risk reference guidelines for new dam and major 

augmentations (ANCOLD, 2003) 

NSW-DSC (2006) 

The New South Wales Government, Dams Safety Committee’s (NSW-DSC, 

2006) mission was to develop and implement effective policies and procedures for the 

regulation of dam safety and the regulation of mining that could affect the safety of dams 

or stored water.  

For societal risk, the DSC has adopted a negligible level, which is two orders 

lower than the limit of tolerability on the F:N curve. For risks within the intolerable 

region of Figure 233, the DSC position is that such risks are intolerable in nearly all 

circumstances. Upon application by the owner, where the owner claims that the risks fall 
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within the shaded rectangle on Figure 233, the DSC will take into account such factors as 

the potential adverse consequences of a dam failure, the likelihood of such a failure 

occurring, the feasibility of risk reduction and the benefits of the dam to society. Any 

acceptance by DSC of such risks will be by way of exception, in view of the benefits of 

the dam to the wider interests of society, and provided all reasonable risk reduction 

measures have been taken based on ALARP. Figure 234 shows the F:N criteria for new 

dams and major augmentations. 

 

Figure 233: Proposed DSC societal risk requirements for existing dams (NSW-DSC, 2006) 
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Figure 234: Proposed DSC societal risk requirements for new dams & major augmentations 

(NSW-DSC, 2006) 

The Inventory of U.S. Dams 

Dams have contributed to human development by providing reliable sources of 

drinking water and irrigation, hydropower, flood control, recreation, navigation, income, 

and other important benefits (World Commission on Dams, 2000). Some dams are built 

for a single purpose. Navigation dams in the Mississippi River have the sole purpose of 

maintaining water levels high enough for navigation; Glen Canyon Dam, which forms 

Lake Powell on the Colorado River, generates hydroelectric power, and stores upper 

basin water from high runoff years to distribute to the lower basin during low runoff 

years, equalizing inter-annual variation in water availability. It also creates a reservoir 

popular for recreational boating. The Teton Dam and Reservoir, before its failure in 1976, 

were the principal features of a multipurpose project which, when completed, served the 
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objectives of flood control, power generation, recreation, and irrigation. Examples of 

principal functions of dams are as follows (Figure 235): 

• Hydropower: there are more than 2,000 major hydropower dams in the US.  

• Recreational purposes (creation of lakes)  

• Supply of water for human consumption  

• Irrigation of agricultural lands  

• Flood control  

• Fish and Wildlife 

• Navigation  

• Tourism (e.g., Hoover Dam near Las Vegas)  

 

Figure 235: Primary Purpose or Benefit of U.S. Dams according to U.S. Army Corps of 

Engineers 
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Dams may be publicly owned and operated by federal agencies, states, cities and 

municipalities or privately owned and operated by businesses and corporations. 

According to the National Inventory of Dams (NID), which is maintained by the U.S. 

Army Corps of Engineers (USACE), the number of dams in the U.S. has increased to 

more than 86,000, but the federal government owns or regulates only 11% of those dams. 

The distribution of US dams by structure height is given in Figure 236. 

 

Figure 236: Distribution of US dams by structure height. Data are from the National 

Inventory of Dams (solid bars) and estimated by USACE for dams less than 2 meters in height 

(diagonally hatched bar) 

Benefits of Dams 

Dams have many uses (Figure 235). Dam Sector (2011) presents a brief 

description of the basis for and methods used to compute various benefit categories, with 

U.S. Water Resources Council (1983) serving as reference for these categories: 
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Agricultural Irrigation Water Supply: 

The most readily available cost- and time-saving value available is the market 

value of water. This is the dollar value that water is leased and/or sold at in the region 

based on recent market transactions. An alternative approach to estimate a value for lost 

agricultural benefits is to use a ‘shadow value’ or opportunity cost for water. Another 

method proposed by U.S. Water Resources Council (1983) involves determining the 

value of agricultural land with and without a water supply; the difference would be the 

irrigation benefit value (Figure 237). 

 

Figure 237: The use of dams for irrigation purposes; Carson River Diversion Dam 

Municipal and Industrial Water Supply: 

 Transfer prices can be used in areas with an active wholesale water market, in 

which irrigation water supply is leased or permanently sold to municipal water providers. 

If an active water market is not present, then the least cost of the most likely alternative to 
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develop a new water supply can be used to approximate benefits. For example, such an 

alternative might be to develop a groundwater well (Figure 238).  

 

Figure 238: The use of dams for municipal water supply; De Cordova Bend Dam 

Power Generation 

Wholesale market prices can be used for determining project power benefits. If 

wholesale market prices are not available, or if they do not match the attributes of the 

power generated at the dam being evaluated, then power benefits can be approximated 

using the costs of avoiding construction of an alternative thermal generation plant, 

usually a coal or gas-fired facility (Figure 239). 
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Figure 239: The use of dams for power generation; Gran Coulee Dam 

Recreation 

The standard measure for recreation benefits is the amount that visitors would be 

willing to pay in order to spend time at the site. This amount is known as ‘consumer 

surplus’ and is usually expressed on a dollar-per-day or per trip basis. Numerous studies 

have already been performed for recreation sites and activities across the United States; 

these can be utilized to approximate benefits at reservoirs with similar activities, 

amenities, and characteristics, as discussed previously in the benefit transfer method 

(Figure 240). 
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Figure 240: The use of dams for recreation; Santa Fe dam recreation area 

 

Fish and Wild Life 

To estimate benefits of water reserved for fish and wildlife purposes, the amount 

of water for these purposes must be estimated, as well as the value of the water. Flows 

from reservoirs may be legally allocated to in-stream flows for fish and wildlife or their 

habitat for compliance under the National Environmental Policy Act or Endangered 

Species Act. Unless there is a specific value tied to these or similar environmental flows 

focusing on contingent valuation or similar type of willingness-to-pay, the market value 

of replacement water is multiplied by the annual acre-feet of water required for fish and 

wildlife purposes (Figure 241). 
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Figure 241: The use of dams for fish and wildlife; Cle Elum fish passage facilities 

Navigation 

Benefits associated with waterways may be estimated based on the decreased cost 

of shipping instead of using alternative shipping modes. The long-term use of a dam 

and/or associated lock can have significant impacts on the continued transport of 

commodities especially when the choice of effective alternative routes to a destination is 

limited. To calculate the benefits, the estimated total transportation costs incurred for 

existing system usage are compared with costs that would be incurred if existing system 

movements were forced not to use the waterway mode of transportation (Figure 242).  
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Figure 242: The use of dams for navigation; Emsworth Locks & Dams 

Flood Loss of Life and Property Damage Reduction 

For people living downstream, dams and reservoirs often provide flood loss of life 

and property damage reduction benefits These benefits are computed as downstream 

damages prevented ‘with’ versus ‘without’ the dam being built. USACE has developed 

damage curves to easily estimate historical damages prevented over a given period 

(Figure 243).  
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Figure 243: The use of dams for flood control; Morris dam 

To approximate the benefit of dams in protecting people living downstream from 

floods, it is necessary to first estimate the value of a statistical life (VSL). More details 

are given in the following section.  

Methods to Estimate the Benefits of Dams 

Economically, all impacts of a dam project should be valued in economic prices. 

The following guidelines provide practical methods that can be applied for different 

categories of impact for dams (Chutubtim, 2001). 

Market Price  

When the market is undistorted it is possible to use the market prices for 

valuation. Dam project impacts that can be valued using the market price method are 

capital goods, operation and maintenance costs, hydroelectric power supply, water 

supply, commercial fishery, commercial recreation, commercial timber and non-timber 
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forest products, and commercial wildlife and property losses. The flood protection 

economic value can be quantified by the value of statistical lives saved from possible 

flooding in case the dam had not been built. 

Revealed Preferences  

Many impacts of projects and policies are of an intangible nature and are not 

traded in actual markets. In some cases, non-market goods and services may be implicitly 

traded. In such instances, the revealed preferences (or indirect) approach can be used to 

“tease out” values embedded in observed prices. This approach does not measure 

environmental values directly but does so through the price of other goods. Since an 

individual’s willingness-to-pay for environmental goods and services cannot be directly 

observed and measured, the approach seeks to assess an individual’s willingness-to-pay 

by revealing individual preferences to proxy variables. There are several methods used in 

the revealed preferences approach including: replacement cost method, the travel cost 

method, hedonic price method, factor income method, and costs of illness/lost output 

approach. 

Analysts can assess the benefits of hydroelectric power supply, water supply, 

flood control or river navigation by using what is known as the replacement cost method 

(RCM). Benefits are estimated from the lowest costs of alternative means of producing 

goods and services to replace those affected by the dam.  

Stated Preferences  

The information obtained from revealed preferences would not include proxies 

representative of goods and services that are difficult to observe, such as the value of the 
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ecosystem, the value of undisturbed wildlife, or the value of climate changes. In such 

cases, stated preference methods offer a direct survey approach to estimating willingness-

to-pay for changes in provision of (non-market) goods. This approach measures 

consumers’ preferences directly by asking people how much they are willing to pay for 

environmental protection/improvement, or how much they are willing to accept for a 

worse environment. 

This approach encompasses the contingent valuation method (CVM), which 

involves asking people about their willingness-to-pay. The contingent valuation method 

is applicable to almost all non-market goods, to ex ante and ex post valuations, and it is 

one of the few available methodologies able to capture all types of benefits from a non-

market good including those unrelated to current or future use. Analysts have to create a 

hypothetical market and provide a description of the goods and services being valued. 

Visual aids and information about substitutes for the goods and services are used to 

assess the hypothetical market and buyers' willingness-to-pay. 

Benefit Transfer 

Benefit transfer is used when there are time and budget constraints. Estimated 

environmental costs or benefits from relevant studies are used to estimate the costs and 

benefits of a similar environment in a specific area. The area that has been studied and 

which will be the source of information is called the study site. The area to which the 

information from the study site will be transferred is called the policy site or project site. 

The benefit transfer method requires the necessary assumption that the overall population 

of the study site is similar to that of the project site.  
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Value of a Statistical Life 

Mortality reduction is the primary goal of many important public policy 

initiatives. Evaluation of these policies commonly includes benefit/cost analyses and 

requires an estimate of the value that society places on a life saved as a result of the 

policy. According to Viscusi (1993), the concern is not with the value of an “identified” 

life, but the value that society places on reducing the statistical probability that one dies, 

which is called “value of a statistical life” (VSL). This somewhat subtle distinction 

sidesteps many ethical questions that would otherwise arise when evaluating a human 

life. How this value should be defined economically is still an open question and how it 

should be measured remains a real methodological problem (Dionne & Michaud, 2002).  

Three major categories of methods are used in studies to appreciate the value of 

human life (Figure 244).  

 

Figure 244: Methods for determining the value of statistical life (Boiteux & Baumstark, 2001) 

Cost of Indemnization 

The first family of methods, called Cost of Indemnization, is based on the study of 

the resources that are made available to compensate for the effects of an accident. These 

values, generally rising from the compensation paid by insurance companies to the 

victims, are mainly based on direct costs (material and moral) of accidents. These costs 
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are generally overhauled to reflect the fact that these benefits only cover insured losses. 

This method relies on expert opinions and/or court decisions. 

Human Capital  

The second method includes a group of VSL estimations called Human Capital 

approaches. These approaches are based on an estimate of losses that the society will 

suffer due to the death or injury of a person. Two of these approaches, Forgone Gross 

Production and Forgone Net Production are different in the way they estimate losses of 

production potential (loss of production being retained according to the method, gross or 

net, due to the accident). They add the non-market costs that constitute the aesthetic 

prejudices, as well as pain and suffering. In the forgone gross production approach, it is 

assumed that the value to society of an individual’s life is measured by future production 

potential, usually calculated as the present discounted value of labor earnings. To 

calculate the forgone net production, the estimated forgone gross production must be 

reduced by the resources (consumption) that the victim would have personally consumed 

during the rest of his/her life. In other words, when an individual dies, society loses not 

only is his contribution, but also any future consumption. Therefore, the net loss to 

society is the difference between earnings and consumption expenditures. The third 

approach, Value of Life-Years Lost (VOLY), seeks to assess the satisfactions, which the 

accident victim and his/her family are deprived of as the result of the years of life lost.  In 

addition to the value of lost production and lost consumptions, this third approach tries to 

determine a cost of loss of free time and other moral predispositions. 
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Willingness-to-pay  

Economists have developed estimates of the value of a statistical life (VSL) by 

using evidence on market choices that involve implicit tradeoffs between risk and money. 

After approximately forty years of debate in the economic literature, a reasonable 

consensus has emerged: the Willingness-to-pay (WTP) for a reduction in the probability 

of death can be used to infer the value society places on saving one human life. This is 

measured by the quantity of other goods and services that a person is willing to give up in 

order to get that reduction in the risk of death. Summing this measure across all people 

can provide an estimated value of a statistical life. For example, if each of 100,000 

persons is willing to pay $20 for a reduction in risk from 3 deaths per 100,000 people to 1 

death per 100,000 people, the total WTP is 2 million dollars and the value per statistical 

life is $1 million (with 2 lives saved). Moreover, labor market estimates can capture the 

compensating differential required by workers to incur job risks as compared to a risk -

free job. For a model in which workers are comparing a hypothetical baseline risk-free 

job with a risky job, the estimated wage-risk tradeoffs are not estimates of willingness-to-

pay (WTP) for a decrease in risk, but rather are measures of Willingness To Accept 

(WTA) for the increase in risk associated with taking the hazardous job compared to the 

safe alternative. The willingness to accept (WTA) method, estimates the implicit 

tradeoffs made by workers between incremental increases in the risk of death on the job 

and the additional wages required to accept these risks, which are then converted into 

corresponding estimates of the VSL (Kniesner et al. 2012). A wide body of literature 

involving economic experiments and stated preference studies has documented a 

substantial discrepancy between WTA and WTP values. According to Kniesner et al., if a 
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worker accepts the compensating differential to move from a current job to a higher risk 

job, the estimated wage-risk tradeoff rate is a WTA measure of VSL. However, if the 

worker moves from a riskier job to a lower risk job with a decreased risk differential, 

then the wage-risk tradeoff rate is a WTP measure, even though the new job is not free of 

risk. Economists estimate these values using either revealed or stated preference studies. 

Revealed preference methods use data from market transactions or observed behavior to 

estimate the value of non-marketed goods. In wage-risk studies, researchers compare 

earnings across different industries to estimate the additional wages paid to workers in 

riskier jobs. Stated preference methods use contingent valuation surveys or similar 

approaches that ask respondents to report their willingness-to-pay (WTP) or willingness 

to accept (WTA) for reduced risks under hypothetical scenarios. According to Robinson, 

(2007), the VSL is most often estimated from studies of compensating wage differentials; 

however, a smaller number of studies estimate the VSL using contingent valuation 

surveys. 

Variation in VSL Estimates 

According to Mrozek & Taylor (2002), a wide range of VSL estimates has been 

reported in the literature. Moore & Viscusi (1990) and Olson (1981) report VSL 

estimates ranging between $15 million and $25 million per life saved (1998 US dollars). 

Fisher et al. (1989) reviewed studies using several different methods to estimate the VSL 

and suggest $2.5 million to $12.5 million as being the most defensible VSL range, based 

on the then extant literature. Viscusi (1992 & 1993) summarized 24 labor market studies, 

and suggested that the appropriate range is between $4 million and $9 million, as this is 

the range where “most estimates lie”. Dillingham (1979), Marin & Psacharopoulos 
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(1982) and Kniesner & Leeth (1991) reported VSL estimates of less than $100,000 per 

life saved. This extreme range of estimates indicates the substantial variation in VSL 

estimates. Neumann & Unsworth (1993) calculated a “best estimate” of the VSL from 26 

studies (21 of which were labor market studies) for the U.S. Environmental Protection 

Agency (1997). A Weibull distribution was fitted to the 26 estimates, resulting in a mean 

of $6 million. Robinson (2007) updated these values to 2005 dollars using the Consumer 

Price Index that resulted in the mean of $7.2 million, with a minimum of $0.9 million and 

a maximum of $20.2 million. 

Recent studies such as Mrozek & Taylor, (2002), Kochi et al. (2006) and Viscusi 

& Aldy (2003), have tried to combine data from various VSL studies that use statistical 

methods through meta-analyses. Mrozek & Taylor, (2002) reported a mean VSL of $2.6 

million (1998 dollars) for the average worker. Kochi et al. (2006) reported a mean of $5.4 

million (2000 dollars) with a standard deviation of $2.4 million. Depending on the model 

specification used, Viscusi & Aldy (2003) reported means ranging from $5.5 million to 

$7.6 million in 2000 dollars. In its review of the plans for the EPA’s Second Prospective 

Analysis of the Clean Air Act, the panel suggested to focus on the results of Viscusi & 

Aldy (2003) meta-analysis and also incorporate lessons learned from the other studies 

(Robinson, 2007). 

Limitations of Existing U.S. Societal Risk Criteria for Dams 

Current societal risk criteria in the US for dams (Munger et al., 2009) originate in 

the studies of Higson (1978,1985, and 1990) which were the main influence on the later 

Interim ANCOLD Societal Risk Criteria (ANCOLD 1994). Later, this set of criteria, 

affected by HSE (2001), evolved into the ANCOLD (2003) societal risk criteria. The 
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Interim Tolerable Risk Guidelines of the US Army Corps of Engineers for dams were 

mainly influenced by ANCOLD (2003) and also by NSW-DSC (2006). The limitations to 

these current criteria include at least the following: 

The proposed criteria by Higson were the backbone for ANCOLD (1994) and 

ANCOLD (2003). Higson used the WASH-1400 societal risk curve for man-made 

hazards to define tolerable and acceptable levels of risk based on revealed preferences. 

The upper limit was imposed by aviation accidents; unfortunately, it is unclear why these 

should define the ‘dangerous’ or tolerable societal risk for other man-made hazards. 

Similarly, the lower limit was imposed by ground fatalities of aviation accidents and total 

aviation accidents.  Proposing a limit line with a factor of 10 lower than the ‘dangerous’ 

limit was principally subjective.  

  The slope of the limit lines proposed by Higson (1978) was chosen to be 

approximately 4 3. Although it seems rational to scale the national societal risk limits 

based on population, as Higson (1978) did to propose a set of criteria for UK and 

Australia from US societal risk limits, this process has limitations. First, the density of 

population is ignored. For example, the average number of people per unit area living in 

UK at the time was more than the density of the population of United States. Second, the 

rates of hazardous events are not the same in different countries. Hence, the 

consequences and importance might not be the same. For example, dam failures are more 

frequent and the consequences have been more serious in United States compared to UK. 

Higson (1985) adopted the impact of one reactor on a population of one million as 

the basis for his modified criteria. The rationale was that for a 1000-MW(e) nuclear 
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power station, it would be reasonable to base the design objective on the impact on 

approximately a million people at greatest risk. He then stated that the probability of an 

accident killing 10 people should be 15 times less in a population of 1 million than in 

Australia’s 15 million population, which had been used as a basis in his 1978 criteria. 

Unfortunately, The assumption that a 1000MW(e) nuclear power station puts 

approximately a million people at risk ignores the proximity of the plant to urban areas 

and population density. 

To propose a criterion for societal risk, Higson (1990) refers to two anchor points 

used by HSE and NRC. The upper limit curve passes through 5×10!! per year for 

fatalities of 100 or more suggested by HSE (1988) and the de	   minimis curve passes 

through 10!! for one or more fatalities in accordance with USNRC (1986). Higson 

(1990) arbitrarily proposed an intermediate curve (between the limit and de minimis 

curve) as an objective proposed limit. Higson (1990)'s limits are proposed by of 

ANCOLD (1994). However, all of these limits seem rather arbitrary and were originally 

proposed for nuclear power plants; therefore, they may not be as relevant for dams. 

In USACE proposed criteria shown in Figure 222 and Figure 223, the slope of the 

F:N criterion line is minus one (-1), which imposes a large risk aversion attitude on dam 

performance acceptability. This results in the societal risks of many existing dams being 

intolerable. As mentioned in chapter 4 of this dissertation, a negative slope of 0.5 

imposes enough risk aversion while being consistent with the revealed preferences 

regarding dam failure fatalities from 1900 till 2014. 
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The biggest limitation of the criteria shown in Figure 222 and Figure 223 is that 

these criteria are the same for all dams and do not consider the size and benefits of 

various dams. As we reviewed the literature in chapter 6 of this dissertation, the criteria 

for acceptability of risk by the society should be based on the benefits that the society 

obtains from the hazardous activity. In the beginning of this chapter, we also reviewed 

the literature regarding the proportionality of societal risk criterion line placement on the 

F:N plot and the size of the benefits of the risk imposing activity. In 1963, Mohegan Park 

dam, with a height of 6.1 meters and with a downstream population at risk (PAR) of 500, 

failed; this resulted in 6 fatalities. In the same year, Baldwin Hills dam with a height of 

20.1 (m) and population at risk (PAR) of 16,500 failed, which resulted in 5 deaths. It is 

rational that the society would be more reluctant to tolerate the fatalities from Mohegan 

Park dam failure, since less people were being protected downstream from floods (a 

population of 500), as compared to Baldwin Hills dam protecting 16,500 people living 

downstream from the dam. Hence, it is more appropriate and reasonable to define a set of 

societal risk criteria that takes the benefits of the dams into consideration, instead of 

using the same criteria for all dams in the United States. 

Proposing Societal Risk Criteria for Dams in U.S. 

The following steps summarizes a method to derive an F:N criterion line for each 

individual dam based on its size: 

 Historical national dam failure records since 1869 are assumed adequate for 1.

revealing consistent patterns of acceptable societal risk. Figure 245 plots the F:N 

curve for dam failure related fatalities in the  U.S. (Data from ACDSO, 2013). 
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Figure 245: The F:N curve, regression line, and 90% confidence interval for US dam fatalities 

 The F:N curve of dam failure fatalities can be compared to other natural or man-2.

made societal risks to decide whether the past experience is acceptable or the 

target national criterion should be lowered (i.e., more restrictive) compared to past 

experiences (revealed preferences). 

 As shown in Figure 245, a straight line with the negative slope of −0.51  can be 3.

drawn using regression for the historical national F:N curve of the dam failure 

fatalities.  

 For the purpose of using these criteria in other countries with a different 4.

population size (e.g., 10%) compared to the U.S. population, the target national 

F:N criterion can be drawn below parallel to the U.S. target criterion, as shown in 

Figure 246 (e.g., with an order of magnitude lower). However, this method, which 
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was used by Higson (1978), does not consider the population density and the level 

of importance of the hazard under study in the target country. These two 

limitations were denoted in Kinchin (1978).  

 

Figure 246: Proposed U.S. national level societal risk criterion for dams and proposed national 

level criterion for dams in a country with the population of 10% of U.S. population 

 For the purpose of this chapter, individual dam failures are assumed independent 5.

of each other. In other words, in the condition that a dam fails, the probability of 

failure of any other dam will not change. However, in chapter 8, the effect of 

correlation between various dams on the societal risk criterion will be studied. 

 The target F:N criterion shown in Figure 245 is for all dams in the United States 6.

nationwide. The dollar equivalent benefit of all dams is defined as follows: 
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𝐵$ = 𝛼!𝐿$ + 𝛼!𝐸$ + 𝛼!𝑀$ ++𝛼!𝐼$ + 𝛼!𝑅$ + 𝛼!𝐹$ + 𝛼!𝑁$ (283) 

 

𝐵$: The total dollar equivalent Benefits per year of all U.S. dams summed up 

nationwide 

𝐿$: The total dollar equivalent of the number of Lives saved from flooding by 

all U.S. dams per year 

𝐸$: The total dollar equivalent of the Electricity generated by hydraulic 

turbines per year by all U.S. dams 

𝑀$: The total dollar equivalent of the volume of water provided by all U.S. 

dams for Municipal and industrial water supply per year 

𝐼$: The total dollar equivalent of the volume of water provided by all U.S. 

dams for agricultural Irrigation per year 

𝑅$: The total dollar equivalent of the volume of water provided by all U.S. 

dams for Recreational purposes per year 

𝐹$: The total dollar equivalent of the volume of water provided by all U.S. 

dams for Fish and wildlife per year 

𝑁$: The total dollar equivalent of the volume of water provided by all U.S. 

dams for Navigation purposes per year 
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𝛼!: The weight factor for the number of people saved by dams from being 

flooded  

𝛼!: The weight factor for the electricity generated by hydraulic turbines 

𝛼!: The weight factor for volume of water provided municipal and industrial 

purposes 

𝛼!: The weight factor for the water provided by dams for agricultural 

irrigation per year 

𝛼!: The weight factor for the water provided by dams for recreation purposes 

𝛼!: The weight factor for the water provided by dams for fish and wildlife 

𝛼!: The weight factor for the water provided by dams for navigation 

 For the purpose of societal risk control, the size of dams is defined differently 7.

from their actual physical size. The size of an individual dam is defined as its 

dollar equivalent benefit, obtained as follows: 

𝑏$ = 𝛼!𝑙$ + 𝛼!𝑒$ + 𝛼!𝑚$ ++𝛼!𝐼$ + 𝛼!𝑟$ + 𝛼!𝑓$ + 𝛼!𝑛$ (284) 

 

𝑏$: The total dollar equivalent benefits per year of the dam under study 

𝑙$: The total dollar equivalent of the number of lives saved from flooding by 

the dam under study per year 
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𝑒$: The total dollar equivalent of the electricity generated by hydraulic 

turbines per year by the dam under study 

𝑚$: The total dollar equivalent of the volume of water provided by the dam 

under study for municipal and industrial water supply per year 

𝑖$: The total dollar equivalent of the volume of water provided by the dam 

under study for agricultural irrigation per year 

𝑟$: The total dollar equivalent of the volume of water provided by the dam 

under study for recreation purposes per year 

𝑓$: The total dollar equivalent of the volume of water provided by the dam 

under study for fish and wildlife per year 

𝑛$: The total dollar equivalent of the volume of water provided by the dam 

under study for navigation purposes per year 

𝛼!: The weight factor for the number of people saved by dams from being 

flooded  

𝛼!: The weight factor for the electricity generated by hydraulic turbines 

𝛼!: The weight factor for volume of water provided municipal and industrial 

purposes 

𝛼!: The weight factor for the water provided by dams for agricultural 

irrigation per year 

𝛼!: The weight factor for the water provided by dams for recreation purposes 
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𝛼!: The weight factor for the water provided by dams for fish and wildlife 

𝛼!: The weight factor for the water provided by dams for navigation 

To define a target 𝐹:𝑁 criterion for an individual dam, the F:N criterion  of all 

dams shown in Figure 245 is scaled down by 𝑏$ 𝐵$. There are more than 84,000 dams in 

the United States, of which more than 80,000 are recorded by the U.S. Army Corps of 

Engineers National Inventory of Dams (NID). At the time of writing this dissertation, the 

author made the simplifying assumption that the dollar equivalent benefits of various 

dams is proportional to the water stored behind each dam. The total water stored by all 

dams that are listed in the National Inventory of Dams (NID) database is approximately 

1,441,113,774  𝑎𝑐𝑟𝑒 − 𝑓𝑡, ignoring all dams with water storage of less than 

2000  𝑎𝑐𝑟𝑒 − 𝑓𝑡. The water storage for the Hoover dam is 30,237,000  𝑎𝑐𝑟𝑒 − 𝑓𝑡,   the 

Grand Coulee dam is 9,562,000  𝑎𝑐𝑟𝑒 − 𝑓𝑡, and the Ball Mountain dam is 

54,700  𝑎𝑐𝑟𝑒 − 𝑓𝑡.  Hence, the respective societal risk criterion for the aforementioned 

three dams are lower (on a 𝑙𝑜𝑔 − 𝑙𝑜𝑔 plot) by !",!"#,!!!
!,!!",!!",!!"

, !,!"#,!!!
!,!!",!!",!!"

, and !",!""
!,!!",!!",!!"

 

compared to the national U.S. societal risk criterion for dams, respectively. The 

comparison is shown in Figure 247. 
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Figure 247. The F:N criterion for Hoover dam, Grand Coulee dam, and Ball Mountain dam in 

comparison with the national U.S. societal risk criterion for dams 

Levees 

The main function of levee systems is to exclude flood waters from a portion of 

the floodplain in order to reduce flood losses. Embankments that behave as levees also 

exist in water conveyance systems, navigation channels, recreation areas and habitat 

restoration projects. Levees systems are generally of low height in comparison to dams, 

and do not store water nor regulate flow. The safety of Levee system is dependent on the 

structural integrity of the levee system for flood loadings up to the top of levee, and also 

with structural integrity during overtopping. Hence, a key levee safety metric is the 

chance of a levee system breaching, and leading to an uncontrolled flow through one or 

more breaches for loadings that do not overtop the levee. Moreover, the chance of the 
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levee system becoming overtopped but not breaching and the consequences thereof, and 

the chance of the levee system becoming overtopped and subsequently breaching and the 

consequences thereof are the other key metrics in levee safety . 

Hurricane Katrina reached the southern coast of the United States on August 29, 

2005. The surge and catastrophic flooding that occurred throughout the metropolitan 

overwhelmed the flood protection of the coastal city of New Orleans, Louisiana. The 

impacts of the storm led to one of the worst natural disasters in American history, with 

economic damages estimated to be more than $200 billion dollars and a loss of life of 

more than 1,800 persons. Before the catastrophic loss of life associated with Hurricane 

Katrina, national policies relating to flood insurance in years 1960s through the 1980s 

had the unintended effect of targeting the levee design to only 1%-annual- chance (100-

year) event which. The affordability concerns, combined with the growing and 

unintended desirability of simply meeting the minimum certification requirements, 

resulted in many levee systems over the last 30 years being constructed to provide 

protection to only the 1%-annual-chance event. In the wake of the disaster, the relative 

complacency in recent decades was shattered. The current levee safety reality for the 

United States is affected by uncertainty in location, performance and condition of levees 

and a lack of oversight, technical standards, and effective communication of risks. A 

recognition of a need for a broader national flood risk management approach, the benefits 

of integrating national dam safety and levee safety programs, and call for leveraging 

levee safety as a critical first step in a national infrastructure investment is necessary. 

Hence, National Committee on Levee Safety (2009) recommended to develop ‘Tolerable 

Risk Guidelines’ in order to facilitate an understanding of the options to reduce identified 
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risks, how uncertainty affects this understanding, and to better inform levee construction/ 

enhancement decisions and weigh non-structural alternatives to flood risk management in 

a risk- informed context. In other words, the process that puts all of these components of 

risk in a societal context and in turn enables better decision-making is the use of 

published tolerable risk guidelines. Although not yet common in levee safety, tolerable 

risk guidelines have advanced safety engineering and public safety in a number of fields 

including the airline industry, dam safety programs, transportation industry, and the 

environmental, food service and medical industries. As flooding due to levee breaches 

can also be considered a large consequence -low probability event, the same approaches 

can be applied in the context of flood protection. The purpose of this chapter if to propose 

a societal risk criterion for levee systems that is scaled based on the size of levees 

Current State of Levee Systems in the U.S. 

According to National Committee on Levee Safety (2009): 

• There are over 2,350 federal levee systems under the Corps (USACE) authorities, 

totaling over 14,700 miles of infrastructure.  

• There exists the same quantity of infrastructure within the entire 84,000+ dams in the 

National (federal, state, local, private) Inventory of Dams (NID); therefore, levees, 

with their substantially larger social footprint, require more attention compared to 

dams. 

• Although the true extent of the national inventory is yet unknown, the levees designed 

and constructed by the Corps may represent only 15% of the total levees in the 

nation; other federal agencies like the US Bureau of Reclamation (USBR) are 
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responsible 8,000 miles of levee-like structures along canals. However, there may 

exist as many as 100,000 miles or more of levees nationwide.  

• Through extrapolation from the federal inventory, it is estimated that tens of millions 

of people live and work in leveed areas.  

• Federal and state agencies have varying policies and criteria concerning many aspects 

of levee design, construction, operation, and maintenance; However, there are no 

national policies, standards, or best practices that are comprehensive to the issues of 

levee safety and that can be adopted broadly by governments at all levels. 

Benefits of Levee Systems 

In addition to protecting people and residential property, levees protect civil 

infrastructure that from frequent flooding, including: roads, railways, bridges, utility 

systems, water treatment plants, port facilities, critical public service facilities such as fire 

and police departments and hospitals, sewage treatment plants, refineries and fuel depots, 

and substantial industry and manufacturing facilities. By protecting these critical 

infrastructure, levees facilitate and yield an economic multiplier effect for communities.  

Bodies of water along with their associated flood plains protected by levees 

positively influence the economic development. They provide a number of services 

crucial to maintaining populations and improving their wellbeing. Such services include 

maritime trade, municipal and industrial water supply, and irrigation for farming, 

sustainable seafood harvests, and recreation. 

Levees are associated with economic well-being, and that populations that live 

near levees are more productive, have higher incomes, and less poverty. Although the 
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levees themselves do not determine these outcomes, it is the requisite proximity of the 

levees to ports, municipal water intake systems, seafood markets, and employers of all 

trades and sizes, that leads to an expected association between levees and economic 

productivity. 

US counties with levees, which account for only 28% of all counties in the 

country and only 37% of the total US land area, are home to 55% of the US population. 

Although no one knows precisely how many people currently rely on levees for flood 

protection, in 2004, over 156 million citizens resided in the counties with levees. While 

the entire population of a county with a levee may not reside in areas protected by that 

levee, much of the population benefits from the direct and secondary jobs supported by 

the port (which is located near the levee). 

Although many people question the wisdom of public and private investment in 

levees and other flood reduction structures along with academics arguing that these 

structural modifications to floodplains caused flood losses by encouraging development 

in areas that would inevitably flood, it was found that not only a majority of Americans 

live in these counties, the counties with levees are significantly more productive overall 

with higher personal incomes and lower poverty rates.  

U.S. Tolerable Risk Guidelines for Levees 

In the past, USACE did not have a "Levee Safety Program." USACE monitored 

the status of levees within its jurisdiction via annual inspections, or by reviewing 

inspections performed by local sponsors. The actions taken were not formally 

coordinated from a national perspective and varied greatly across the country. With the 
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formation of the USACE Levee Safety Program (USACE, 2007), attention began to be 

directed toward adapting the newly developed risk-informed dam safety policies and 

methods for application to levee systems. At the present, the interest in tolerable risk 

guidelines is not likely to be viewed as a justification criterion. In the near-term, such 

tolerable risk guidelines would be a tool for prioritizing and ranking existing levees with 

deficiencies, formulating the structural and non- structural measures to lower life risk, 

and generally guiding assessing and reporting the vulnerability of floodplain occupants to 

life threats.  

The following types of life safety risk guidelines have been proposed for use 

under the USACE tolerable risk guidelines for levees: 

• Individual life safety risk using probability of life loss (Figure 248a) 

• Societal life safety risk expressed in two different ways: 

o Probability distribution of potential life loss (F:N criterion)(Figure 248b) 

o Annualized Life Loss (ALL), also called f:N criterion (Figure 249) 

The individual risk is represented by the probability of life loss for the identifiable 

person or group by location that is most at risk. The straw-man proposal for individual 

risk to the identifiable person or group by location that is most at risk should be less than 

a limit value of 1 in 10,000 per year, except in exceptional circumstances (Figure 

248a).The value of 1 in 10,000 per year is used as an individual risk limit guideline in 

dam safety and other life risk situations such as chemical contamination and exposure, 

and some land use planning guidelines. The societal risk represents the annual 



 
502 

exceedance probability of potential life loss from a levee system for all loading types 

(Figure 248b). For dams, the life loss threshold is 1,000 for a failure event. However, 

according to IWR (2010), no life loss threshold for a failure event has been vetted for 

levees. 

 

Figure 248: (a) Individual risk and (b) societal (F:N) risk guideline for levee systems (IWR, 

2010) 

The USBR Annualized Life Loss (ALL) criterion, which exists for dams, is also a 

potential candidate for formulating tolerable risk guidelines for levees (Figure 249). The 

criterion is applied to the total estimated annualized life loss from all failure modes, 

including combinations of failure locations and overtopping without a breach, associated 

with all loading or initiating event types and considering all exposure conditions 

associated with life loss.  
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Figure 249: Annualized Life Loss (ALL) guideline (IWR, 2010) 

Institute for Water Resources (2010) states that in some instances, the proposed 

tolerable risk limits may be difficult to reach, particularly when applied to existing levee 

systems. Thus, the tolerability of risk would be based on an USACE official review of the 

benefits and risks. Based on the Except in Exceptional Circumstances concept, the 

government, acting on behalf of society, may determine that risks exceeding the tolerable 

risk limits may be tolerated based on special benefits that a levee system brings to society 

at large. However, the Institute for Water Resources (2010) notes that guidance will need 

to be developed for which circumstances would appropriately justify exceptions to 

tolerable risk limits for levee systems.  
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Levee System in New Orleans during Hurricane Katrina  

The city of New Orleans is located in the deltaic plain of the Mississippi river, 

where it discharges into the Gulf of Mexico. The city is bordered by Lake Pontchartrain 

to the north and Lake Borgne to the east (Figure 250). Coastal wetlands lie south of the 

city and serve as a buffer to the sea. Greater New Orleans consists of seven parishes: 

Jefferson, Orleans, Plaquemines, St. Bernard, St. Tammany, St. Charles and St. John the 

Baptist, five of which are shown in Figure 251. 

 

Figure 250: Surroundings of New Orleans (Miller, 2011) 
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Figure 251: Five out of seven perishes of Greater New Orleans (IPET, 2007) 

 

In August of 2005, Hurricane Katrina resulted in massive flooding to the city of 

New Orleans, Louisiana. The storm produced a massive surge of water on the coastal 

regions that overtopped and eroded away levees and floodwalls along the lower 

Mississippi River in Plaquemines Parish, along the eastern side of St. Bernard Parish, 
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along the eastern side of New Orleans East, and in locations along the Gulf Intracoastal 

Waterway (GIWW) and the Inner Harbor Navigation Canal (IHNC). Surge water 

elevated the level of Lake Pontchartrain. Shifting storm winds forced the lake water 

against the levees and floodwalls along its southern shores and New Orleans outfall 

canals, resulting in high surge levels in the IHNC, the Mississippi River Gulf Outlet 

(MRGO), the GIWW, and the Mississippi River. Katrina's storm surge led to 53 levee 

breaches in the federally built levee system protecting metro New Orleans and the failure 

of the 40 Arpent Canal levee. Failures occurred in New Orleans and the surrounding 

communities, especially St. Bernard Parish. The Mississippi River Gulf Outlet breached 

its levees in approximately 20 places, flooding much of east New Orleans, most of Saint 

Bernard Parish and the East Bank of Plaquemines Parish. The major levee breaches in the 

city included breaches at the 17th Street Canal levee, the London Avenue Canal, and the 

wide, navigable Industrial Canal, which left approximately 80% of the city flooded, 

causing immense economic and social damage as well as loss of life. In total, 169 out of 

the 284 miles of levees around Greater New Orleans were damaged or destroyed. 

Following Katrina, at least 1,118 deaths were recorded in Louisiana, the vast majority of 

which occurred in greater New Orleans. During Katrina, failure of the hurricane 

protection was due to many reasons:. Overtopping of the levees was seen to cause 

scouring and erosion of protection from the inner side. Piping caused water to flow under 

flood protection walls and earthen protection, causing instability and collapse. Walls also 

failed due to boat impact. 
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Figure 252: Outline of the New Orleans and Southeast Louisiana hurricane protection system 

(HPS) and the location of breaches (IPET, 2007) 

For the rest of this section, the focus is on the parishes Orleans and St. Bernard, 

since they were completely or partly flooded during Hurricane Katrina. The two parishes 

consist of three polders, also called bowls. Polders are defined as areas that are largely 

below sea level and surrounded by levees. From the three polders, two are located in the 

Orleans Parish and one in St. Bernard. The polders in the Orleans Parish are the Orleans 

Central polder and the New Orleans East polder. The one other polder in St. Bernard is 

the St. Bernard polder. Lake Borgne, situated east of the city, had a storm surge of 

approximately five meters that caused the water levels to rise in the Intracoastal 

Waterway and the Inner Harbor Navigation Canal. The elevated water levels in these two 

canals caused flooding in all three polders; first in the Orleans Central and New Orleans 
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East polders, and later in the St. Bernard polder, as shown in  Figure 253. The hurricane 

also pushed water into Lake Pontchartrain, resulting in an elevated water level that spread 

through the canals in Orleans Central. Some of the levees that extended far into the city 

were not high or strong enough, resulting in severe flooding in large parts of Orleans 

Central (Maaskant, 2007). 

 

 

Figure 253: Levee failures in Jefferson, Orleans and St. Bernard parishes of Greater New 

Orleans (Maaskant, 2007) 

Table 38 gives an overview of the number of people exposed and number of 

fatalities within the three polders, distinguishing between the flooded and non-flooded 

area. The polders of St. Bernard and New Orleans East were completely flooded, and 

Orleans Central was flooded at 90%. The total number of geocoded fatalities is 771, of 

which 624 fatalities were situated in the flooded area (Maaskant, 2007). 
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Table 38: Rate of mortality caused by Katrina (Maaskant, 2007) 

 

 

The IPET results have been plotted against the results of Miller (2011) below, as 

well as the estimated event of Katrina (Figure 254). 

 

Figure 254: Results of Miller’s (2011) study for fatalities in metro bowl plotted against the 

results of IPET work. The event of Hurricane Katrina is plotted in red (Miller, 2011) 

Criticism of the U.S. Existing Societal Risk Criteria for Levees 

As in the case for dams, the USACE and USBR societal risk criteria for levees 

has some limitations. Similar to the case for dams, Examining the societal criteria 

proposed by Higson (Higson: 1978,1985, and 1990) shows that several assumptions and 

simplifications do not seem as applicable in the present environment. Another limitation 

of the USACE-proposed criteria is that the slope of the limit line is -1, which imposes a 

 

   
 - 83 -  

 
Figure 5-12 Results of this study plotted in orange. Data from IPET has been plotted in blue. 

 
The IPET results have been plotted against the results of this thesis below as well as an 
estimated of the event of Katrina. In this way the risk reducing effect of the upgraded 
protection system can be seen  
 

 
Figure 5-13 Results of this study plotted against resutls of IPET work. The event of Hurricane 

Katrina is plotted in red. 

Katrina 

 



 
510 

large risk aversion attitude on levee performance acceptability, whereas, a negative slope 

of 0.327 imposes enough risk aversion while being consistent with the revealed 

preferences regarding levee failure fatalities from 1928 till 2014, as investigated in 

chapter 4 of this dissertation. The biggest disadvantage of the criteria proposed by 

USACE and USBR shown in Figure 248 and Figure 249, respectively, is that these 

criteria are the same for all levee systems and do not consider the length of the protection 

system, the benefits of the systems, and the number of people living inside the polder 

being protected from floods. Application of the criteria is ambiguous concerning the 

length of the protection system, especially to check the tolerability and acceptability. As 

reviewed in the literature for chapter 6 of this dissertation, the criteria for acceptability of 

the risk by society should be based on the benefits that society obtains from the 

hazardous activity. It would be more appropriate and reasonable to define a set of societal 

risk criteria that takes the benefits of a specific levee system into consideration, instead of 

using the same criteria for all levee systems in the United States.  

Proposal for Societal Risk Criterion for Levee Systems in US  

The following steps summarizes a method to derive a F:N criterion line for each 

individual dam based on its size: 

 Historical national levee failure records since 1928 are assumed adequate for 1.

revealing consistent patterns of acceptable societal risk. Figure 255 plots the F:N 

curve for levee failure related fatalities in the  U.S. 



 
511 

 

Figure 255: The F:N curve, regression line, and 90% confidence interval for US levee failure 

fatalities since 1928 

 The F:N curve of levee failure fatalities can be compared to other natural or man-2.

made societal risks to decide whether the past experience is acceptable or whether 

the target national criterion should be lowered (i.e., made more restrictive) 

compared to past experiences. For example, the intercept of the regression line 

with the frequency axis is 0.21 in Figure 255 which is based on historical data. 

The decision maker might choose a more restrictive intercept such as 0.05 for a 

target criterion. 

 As shown in Figure 255, a straight line with the negative slope of −0.327  is 3.

drawn using regression for the historical national F:N curve of the levee failure 

fatalities.  
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 For the purpose of using these criteria in other countries with a different 4.

population size (e.g., 10%) from the U.S. population, the target national F:N 

criterion can be drawn below parallel to the U.S. target criterion (e.g., with an 

order of magnitude lower). However, this method does not consider the 

population density and the level of importance of the hazard under study in the 

target country.  

 For the purpose of this chapter, levee failures are assumed independent of each 5.

other. In other words, conditioned on having a levee system fail, the probability of 

failure for any other levee system will not change.. 

 The target F:N criterion shown in Figure 255 is for all levees in the United States 6.

nationwide. The dollar equivalent benefit of all levees is defined as follows: 

𝐵$ = 𝛼!𝐿$ + 𝛼!"#𝐼𝑛𝑑$ (285) 

 

𝐵$: The total dollar equivalent Benefits per year of all U.S. levee systems 

summed up nationwide 

𝐿$: The total dollar equivalent of the number of Lives living inside polders 

protected by levees per year 

𝐼𝑛𝑑$: The total dollar equivalent of the Industrial profits per year in all U.S. 

levee protected cities 
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𝛼!: The weight factor for the number of people saved by levees from being 

flooded  

𝛼!"#: The weight factor for industrial benefits 

 The size of levee system is defined different from their actual physical size for the 7.

purpose of societal risk control. The size of an individual levee systems is defined 

as its dollar equivalent benefit obtained as follows: 

𝑏$ = 𝛼!𝑙$ + 𝛼!"#𝑖𝑛𝑑$ (286) 

 

𝑏$: The total dollar equivalent benefits per year for the levee protected city 

under study 

𝑙$: The total dollar equivalent of the number of lives living inside the polder 

under study per year 

𝑖𝑛𝑑$: The total dollar equivalent of the industrial profits per year for the levee 

protected city under study 

𝛼!: The weight factor for the number of people saved by levees from being 

flooded  

𝛼!"#: The weight factor for industrial benefits 

 To define a target 𝐹:𝑁 criterion for an individual levee system, the F:N criterion  8.

of all levees shown in Figure 255 is scaled down by 𝑏$ 𝐵$. Through extrapolation 
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from the federal inventory, it is estimated that tens of millions of people live and 

work in leveed areas. At the time of writing this dissertation, the author made the 

simplifying assumption that the only benefit of a levee system is protecting the 

lives of the people living inside the system. The author also made the assumption 

that roughly 15 million Americans live inside levee-protected areas. The number 

of people living inside Orleans Central levee system, at the time of Hurricane 

Katrina was 255,860, with 85,420 and 96,290 people living in St. Bernard and 

New Orleans East, respectively. At the time of writing this dissertation, the author 

assumed that the population numbers were the same.  Hence, the respective 

societal risk criterion for the aforementioned three levee systems are lower (on a 

𝑙𝑜𝑔 − 𝑙𝑜𝑔 plot) by !"",!"#
!",!!!,!!!

, !",!"#
!",!!!,!!!

, and !",!"#
!",!!!,!!!

 , compared to the national 

U.S. societal risk criterion for levees, respectively. The comparison is shown in 

Figure 256. 
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Figure 256. The F:N criterion for Orleans Central, St. Bernard, and New Orleans East levee 

systems in comparison with the national U.S. societal risk criterion for levees 
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Chapter 8. Conclusions 

This dissertation attempts to unravel the sometimes twisted evolution of F:N  

criteria and to consolidate a more rigorous theoretical basis for the use of acceptable risk 

criteria for hazardous facilities. The evolution of societal risk criteria was complied in the 

first three chapters. An attempt has been made to unravel inconsistent themes, clarify 

implied assumptions, investigate the impacts of these assumptions on resulting guidance, 

and illuminate paths that lead to improved and more consistently-based practice. This 

history is illuminating in explaining the current use of F:N  criteria. The dissertation 

builds on this history in an attempt to propose more consistent and theoretically-based 

criteria. 

Current limitations of F:N criteria 

The current practice of F:N criterion suffers a number of limitations. Several of 

these are addressed and proposals made to overcome them.  These include, 

The difficulty of comparisons of societal risk: F:N curves cannot easily be 

compared with one another for the purpose of ranking societal risk. How should one 

compare an F:N  curve that crosses the criterion line; is a plant curve which is sometimes 

above and sometimes below a criterion curve acceptable? 

The question of an appropriate slope for F:N criteria: The properties of f:N 

criteria and F:N limit lines and their relationship have been a source of misunderstanding 

in the literature. Moreover, an F:N criterion line with slope -1 in log-log space is 

considered risk neutral which is an incorrect presumption. There is no consensus on what 

negative slope should be used. 
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The relationship of F:N criteria to Utility Theory: The definition of ‘risk aversion’ 

from classical utility theory differs from the definition introduced by Framer (1967) for 

societal risk criteria. The relationship between these views has remained to be 

investigated.  

Setting an acceptable risk: The question of what levels of risk are negligible, 

acceptable, or intolerable has long been an issue in setting F:N criterion. There is no best 

solution and, consequently, no consensus. Different countries, following different 

policies have different criteria. Reviewing various risk acceptability methods and 

understanding the simplifying assumptions behind them is necessary for defining criteria.  

Dealing with scale effect: At present, the same F:N criterion is imposed on 

different installations (such as dams) regardless of the benefits society receives from 

those installations. It is not clear whether acceptable risk should differ for installations 

providing different benefits. If it should then two questions to be answered are: (a) how 

does one measure the benefits that society derives from a hazardous installation (i.e. what 

parameters define size), and (b) how should the criteria change with benefit?  

Dealing with national vs. local impacts: For societal risk criteria, should there be a 

national F:N criterion for each major hazard (as in the Netherlands), irrespective of the 

number of hazards? Or it is acceptable to have a criterion for each installation 

individually?  

Society is concerned about risks of serious injuries as well as death: An F:N curve 

is usually expressed in fatalities but the public might wish to include other consequences.  
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Although Farmer’s (1967) proposed criterion is almost always referenced 

regarding societal risk, the important modifications by Beattie et al (1969) are usually 

overlooked. It is understood that Farmer’s definition of a criterion with slope -1.5 was to 

be used for f:N curves, more specifically in probability-consequence diagrams resulting 

from event tree analysis. However, most of the existing literatures in societal risk criteria 

referring to Farmer’s paper presume that Farmer’s criteria should be applied to F:N 

criterion lines.  

Translating Farmer’s definition for f:N curves to be used as F:N criteria has led to 

misconceptions regarding the intended degree of risk aversion imposed. Farmer’s limit 

line set acceptability criteria only for the risk due to individual accident sequences 

(scenarios), which creates important limitations to the methodology. The Farmer limit 

line cannot be used to provide an estimate of, or limit to, overall system risk. Beattie 

(1969) proposed a more formal treatment of Farmer criterion.  

Ambient levels of societal risk from dams and levees 

The data on historical levels of natural and man-made catastrophic risk have been 

gathered and analyzed, and corresponding F:N curves have been presented as an update 

to what was originally introduced in WASH-1400 in 1975. Figure 195 in chapter 4 shows 

the F:N curves for natural disaster fatalities in the United States since 1900. Figure 196 in 

chapter 4 represents the societal risk (F:N ) curves for the man-made catastrophes in the 

U.S. since 1900.  

Figure 257 shows the F:N curve for the fatalities regarding dam failures in the US 

since 1869. The frequency of events with N or more fatalities is shown along with the 
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exceedance probability of events with N or more fatalities. To calculate the probabilities 

from frequencies, the occurrences of dam failures have been assumed to be a Poisson 

process with an average rate of total number of dam failures with 1 or more fatalities 

divided total number of years since 1869. It is demonstrated that for dam safety, as well 

as certain other catastrophic hazards, an F:N slope of −½ rather than -1 is more 

historically supported. 

 

Figure 257: The F:N curve and regression line for US dam and levee failure fatalities 

Figure 257 shows the F:N curve for the fatalities regarding levee failures in the 

US since 1928. The frequency of events with N or more fatalities is shown along with the 

exceedance probability of events with N or more fatalities. It is shown that for levee 

safety, hazards, an F:N slope of − 1 3 rather than -1 is more historically supported. 
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Societal Risk Criteria and Value Functions 

Within the context of decision theory, a risk averse individual deems low-

probability high (negative)-consequences as less preferable than more moderate 

probability but less negative consequences even though the mean value of the two may be 

the same.  The societal risk aversion concept as formulated by Farmer (1967), U.S. 

Nuclear Regulatory Commission (1975), Ferreira & Slesin (1976), Okrent &Whipple 

(1977), Kinchin (1978), Higson (1978) Griesmeyer et al. (1979), and others expresses 

risk aversion in somewhat the same way.  

Societal risk aversion refers to the weighting of severe accidents in such a way 

that more severe accidents are less preferred than less severe accidents, even for cases in 

which 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  ×  𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 is equal. Reviewing the societal risk literature and the 

corresponding guidelines that have been prepared for different disciplines and in various 

countries reveals misconceptions regarding risk aversion and its relationship to the slope 

of the criterion line either in F:N or in f:N space. In chapter 5, an attempt has been made 

to address the disagreements regarding F:N criteria and f:N limit lines, the connection 

between risk aversion defined in the classical utility theory context and the slope of the 

limit lines imposing societal risk aversion.   

To do so, this dissertation has taken advantage of the properties of value 

functions, which represent the decision maker’s preference structure.  Since this adopts a 

probability and consequence definition for risk and not a probability times consequence 

definition, points on iso-risk curve do not necessarily have constant (𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  ×

  𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒) values.  
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This dissertation defines the objective of minimizing risk as a problem of value 

tradeoffs. In essence, the decision maker is faced with a problem of trading off the 

frequency of negative consequences and the size of such consequences. Treating the 

frequency of negative consequences as one attribute of a two-attribute value problem, in 

which the size of the negative consequences is the other attribute, would result in no 

uncertainty in the problem.  Hence, the essence of the issue of minimizing the societal 

risk is, ‘how much increase in the frequency of negative consequences the decision maker 

is willing to tolerate in order to decrease the size of the negative consequences by some 

fixed amount?’ Figure 200 in chapter 5 depicts an example of how a decision maker 

might structure his or her preferences for points in a two-dimensional space.  A function 

𝑣, which associates a real number 𝑣(𝒙) to each point 𝒙 in the space is said to be a value 

function representing the decision maker’s preference structure. The general equation of 

indifference curves is: 

𝜙 𝑥 𝑓! = 𝑐, 𝑤ℎ𝑒𝑟𝑒  𝑐  𝑖𝑠  𝑎  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡   (287) 

𝑓! is the frequency of events with consequence 𝑥 and he function 𝜙 𝑥  is referred 

to as the impact function by Wu-Chien & Apostolakis (1981). Note that 𝑣 𝑥, 𝑓! =

−𝜙 𝑥 𝑓! is the value function as defined earlier. Using this definition of impact function, 

Farmer (1967) proposed a limit line would imply the following impact function: 

𝐹𝑎𝑟𝑚𝑒𝑟!𝑠  𝐼𝑚𝑝𝑎𝑐𝑡  𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛  𝜙 𝑥 = 𝑥!.!   (288) 

Consequently, Farmer’s iso-risk lines have the general equation: 
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𝑥!.!𝑓! = 𝑐     (289) 

A societal risk averse attitude can be accounted for by requiring that accident 

probabilities decrease faster than the rate with which accident consequences increase. It 

was shown that one way to express the attitude is to impose the following condition: 

𝑥  𝑓!  𝑖𝑠  𝑎  𝑠𝑡𝑟𝑖𝑐𝑡𝑙𝑦  𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑖𝑛𝑔  𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛  𝑜𝑓  𝑥, 𝑓𝑜𝑟  𝑥 ≥ 𝑥!"#   (290) 

Considering that societal risk aversion implies that 𝑥𝑓! is decreasing, the slope of 

the indifference curve expressing risk aversion neither equals nor exceeds -1 in 

logarithmic scale (i.e. log 𝑓! : log 𝑥 coordinates). Consequently, an iso-risk line having 

slope less than -1 on log:  log scale will result in a strictly decreasing 𝑥𝑓! which implies 

societal risk aversion.  

In general, if an indifference curve with the equation 𝜙 𝑥 . 𝑓! = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 is to 

be used as an acceptance criterion which imposes a risk averse attitude, the requirement 

for a system to be risk averse is that, given two consequences 𝑥 < 𝑥′ such that 𝑥. 𝑓! =

𝑥!. 𝑓!: 

𝜙(𝑥)
𝑥 <

𝜙(𝑥!)
𝑥′    (291) 

Since all convex impact functions passing through the origin have the 

abovementioned property, they all impose risk aversion. 

Some researchers have used power law function for frequency 𝑓! to define the 

criterion curve, with the following equation: 
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𝑓! =
𝑐
𝑥!     𝑤ℎ𝑒𝑟𝑒  𝛼 > 1   (292) 

To compare the societal risk of any system with the criterion curve defined above, 

the complementary cumulative frequency criterion is obtained as: 

𝐹! = 𝑓!.𝑑𝑢
!!"#

!
=

−𝑐
𝛼 − 1 𝑥!"#!!!

— 𝑐 𝛼 − 1 𝑥!!!                     (293) 

 

                                                                                                =
𝑐

(𝛼 − 1)𝑥!!!                   𝑓𝑜𝑟  𝛼 > 1  𝑓𝑜𝑟  𝑙𝑎𝑟𝑔𝑒    𝑥!"#   (294) 

Since accidents cannot have arbitrarily large consequences, an upper bound can 

always be defined for the size of accidents based on physical limitations.  

Some have used a power law function for the exceedance frequency in defining a 

criterion curve: 

𝐹! =
𝐾
𝑁!         𝑤ℎ𝑒𝑟𝑒  𝛽 > 0               (295) 

which results in the frequency-consequence equation: 

𝑓! =
𝛽𝐾
𝑥!!!

   (296) 

Hence, as long as 𝛽 > 0, the criterion line 𝐹! = 𝐾 𝑥! imposes risk aversion as 

proved before. However, most guidelines operate under the misconception that an F:N 

criterion line  of the slope of -1 is risk neutral.  
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Societal Risk Criteria And Utility Functions 

An alternative to value functions for expressing the preference structure is utility 

functions. It is possible to assess a utility function 𝑢(𝑥) over the one-dimensional 

attribute consequence and associate a utility with each possible event 𝒙 = 𝑥, 𝑓! . Given 

two frequencies 𝑓!!and 𝑓!!over consequences 𝑥! and 𝑥!, respectively, event A is less 

tolerable as event B if: 

𝐸 𝑢 𝑥! < 𝐸[𝑢 𝑥! ]     (297) 

For small 𝑓!!and 𝑓!!, the probabilities of events 𝑥! and 𝑥!, 𝑝(𝑥!) and 𝑝(𝑥!), are equal to 

frequencies of 𝑥! and 𝑥!, 𝑓!!and 𝑓!!, respectively. The above equation is then results in: 

𝑢 𝑥!   𝑓!! < 𝑢 𝑥!   𝑓!!    (298) 

Although one might choose to use expected utilities instead of values for 

comparing different risks in the context of societal risk, this dissertation prefers to take 

advantage of value functions in defining the preference structure and presenting the 

indifference curves.  The reason is that value functions defined on of consequence-

frequency space (two dimensions) can represent more general preference structures than 

utility functions defined on consequence space (one dimension). For example, consider a 

preference structure represented by the indifference curve having the equation 𝑥!𝑓!! +

𝑥𝑓! = 𝑐𝑜𝑛𝑠𝑡.  This structure can easily be represented by a value function defined as 

𝑣 𝑥, 𝑓! = − 𝑥!𝑓!! + 𝑥𝑓! , whereas defining a utility function to impose the above 

preference structure is not as straightforward. Moreover, unless 𝑓! is small, the 

assumption that the probability that an event with consequence 𝑥 happens in a given 
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period of time, 𝑝(𝑥), is equal to  𝑓! is not valid.  However, as long as the indifference 

curve, follows the equation 𝜙 𝑥 𝑓! = 𝑐𝑜𝑛𝑠𝑡, and the frequencies are very small, the 

utility function 𝑢 𝑥 = −𝜙(𝑥) can be used to represent the underlying preference 

structure. If the equation of the indifference curve is given by 𝑥!𝑓! = 𝑐𝑜𝑛𝑠𝑡., the 

underlying utility function would be 𝑢 𝑥 = −𝑥!. Similarly, if the equation of the 

indifference curve is given by 𝑥!𝐹! = 𝑐𝑜𝑛𝑠𝑡, the underlying utility function would be 

𝑢 𝑥 = −𝑥!!!. Following the discussion in chapter 7 of this dissertation, the underlying 

impact functions for dams and levees in the United States are 𝜙 𝑥 = 𝑥!.!" for dams and 

𝜙 𝑥 = 𝑥!.!! for levees and consequently the implied utility functions are 𝑢 𝑥 = −𝑥!.!" 

and  𝑢 𝑥 =   −𝑥!.!!, respectively.  

Social Cost 

Following the terminology used by Okrent & Whipple (1977) and later in 

Griesmeyer, Simpson, and Okrent (1979), it is suggested that social cost is computed 

form Equation (299) for indifference curve given by equation 𝑣 𝑥, 𝑓! = −𝑥!𝑓!. The idea 

is that if two different events 𝒙 and 𝒙′ each with their corresponding frequencies of 

occurrence and consequences are located on the same indifference curve, they will both 

have the same value (i.e., 𝑣 𝒙 = 𝑣(𝒙!)) and the same social cost. For criterion curve 

𝑥!𝑓! = 𝑐𝑜𝑛𝑠𝑡., the social cost of a system is obtained from: 

𝑆𝑜𝑐𝑖𝑎𝑙  𝐶𝑜𝑠𝑡   𝒙 = 𝑥!!𝑓!!

!

!!!

   (299) 

For a systems with a continuous frequency-consequence curve: 
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𝑆𝑜𝑐𝑖𝑎𝑙  𝐶𝑜𝑠𝑡 = 𝑥!𝑓! .𝑑𝑥
!!"#

!
   (300) 

Many societal risk acceptance criteria have been expressed as limits to the 

equivalent social costs.  

Intersection F:N curves 

F:N curves cannot easily be compared with one another for the purpose of 

ranking (judging which curve represents the higher overall societal risk). In Figure 209 in 

chapter 5, four different systems are judged to be equally tolerable on the basis that a 

specific F:N criterion line is used. To choose a system that is more tolerable than the 

others, it is proposed in this dissertation that the systems are ranked by their social costs 

calculated as follows: 

𝑆𝑜𝑐𝑖𝑎𝑙  𝐶𝑜𝑠𝑡  𝑜𝑓  𝑡ℎ𝑒  𝑆𝑦𝑠𝑡𝑒𝑚 = 𝜙 𝑥 .    𝑓!𝑑𝑥 =
!!"#

!
𝑥!   𝑓!  𝑑𝑥

!!"#

!
   (301) 

where 𝛼 is the power of the underlying impact function related to the F:N criterion line 

used for  societal risks. 

Societal Risk Criteria For Dam Safety 

In chapter 7, societal risk criteria for dam safety prepared by USBR and USACE 

have been studied. The set of societal risk criteria used by USBR suffers from the general 

drawback of f:N criteria. The outcome of a thorough risk analysis is a list of event 

sequences, or scenarios, with probability of occurrence and negatives consequences 

associated to each scenario. Sometimes the number of scenarios is limited and known. If 

one intends to use the f:N criterion, only when each of the limited number of conceivable 

scenarios, represented by a point, is below the limit line,  it can be concluded that the 
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system is acceptable. In cases where the number of possible events (scenarios) is 

unknown or the consequences are continuous variables, a histogram is constructed. 

However, it is impossible to compare the frequency-consequence curve (f:N curve) of the 

system under study with the f:N criterion line.  On the other hand, the F:N guidelines, 

‘Interim Tolerable Risk Guidelines’, prepared for US Army Corps of Engineers for dams 

referenced in Munger, Bowles, Boyer, Davis, Margo, Moser, Regan, & Snorteland 

(2009), have overcome the weaknesses of f:N criteria. Constructing the complementary 

cumulative frequency function (exceedance frequency), which was first used for 

comparison purposes by Rasmussen in U.S. Nuclear Regulatory Commission (1975), is 

the most appropriate way that enables the decision makers to compare the frequency-

consequence curve of the system under study, obtained through a complete risk analysis, 

with the criterion curve.  However, being mainly influenced by ANCOLD (2003) and 

also NSW-DSC (2006), the USACE’s set of guidelines has inherited the assumptions that 

have been made in setting ANCOLD and NSW-DSC guidelines. This dissertation has 

investigated these assumptions and has proposed improvements. Applying similar 

concepts and assumptions used in dam safety, this dissertation has made proposals to 

extend the set of societal risk criteria to the safety of levee systems. 

The proposed method involves the following steps:  

Historical national dam failure records are assumed adequate for revealing 

patterns of acceptable societal risk. Figure 257 plots the F:N curve for dam and levee 

failure related fatalities in the  U.S. The F:N curve of dam failure fatalities can be 

compared to other natural or man-made societal risk to decide whether the past 
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experience is acceptable or the target national criterion should be lowered (i.e. more 

restrictive) compared to past experiences (revealed preferences). 

As shown in Figure 257, a straight line with the negative slope of −0.51  is drawn 

using regression for the historical national F:N curve of the dam failure fatalities. 

Similarly, the negative slope of -0.33 is chosen for  F:N  criterion for levees.  

For the purpose of using in other countries with the population size 10% (as am 

example) of the U.S. population, the target national F:N criterion can be drawn below 

parallel to the U.S. target criterion, with an order of magnitude lower. However, this 

method which was used by Higson (1978, 1985, 1990) does not consider the population 

density.  

Individual dam failures have been assumed independent of each other. The dollar 

equivalent benefit of all dams is defined in Equation (283) in Chapter 7 of this 

dissertation.  The size of dams is defined different from their actual physical size for the 

purpose of societal risk control. The size of an individual dam is defined as its dollar 

equivalent benefit obtained from Equation (284) in Chapter 7 of this dissertation. 

To define a target 𝐹:𝑁 criterion for an individual dam, the F:N criterion  of all 

dams shown in Figure 257 is scaled down by 𝑏$ 𝐵$. There are more than 84,000 dams in 

the United States, of which more than 80,000 are recorded by the U.S. Army Corps of 

Engineers’ National Inventory of Dams (NID). At the time of writing, the author made 

the simplifying assumption that the dollar equivalent benefits of various dams is 

proportional to the water stored behind each dam. The total water stored by all dams that 

are listed in the National Inventory of Dams (NID) database is approximately 
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1,441,113,774  𝑎𝑐𝑟𝑒 − 𝑓𝑡 ignoring all dams with water storage of less than 2000  𝑎𝑐𝑟𝑒 −

𝑓𝑡. The water storage for Hoover dam is 30,237,000  𝑎𝑐𝑟𝑒 − 𝑓𝑡,  for Grand Coulee dam is 

9,562,000  𝑎𝑐𝑟𝑒 − 𝑓𝑡, and for Ball Mountain dam is 54,700  𝑎𝑐𝑟𝑒 − 𝑓𝑡.  Hence, the 

respective societal risk criterion for the aforementioned three dams are lower (on a 

𝑙𝑜𝑔 − 𝑙𝑜𝑔 plot) by !",!"#,!!!
!,!!",!!",!!"

, !,!"#,!!!
!,!!",!!",!!"

, and !",!""
!,!!",!!",!!"

 compared to the national 

U.S. societal risk criterion for dams, respectively. The comparison is shown in Figure 

258. 

 

Figure 258: The F:N criterion for Hoover dam, Grand Coulee dam, and Ball Mountain dam in 

comparison with the national U.S. societal risk criterion for dams 

To define a target 𝐹:𝑁 criterion for an individual levee system, the F:N criterion  

of all levees shown in Figure 257 is scaled down by 𝑏$ 𝐵$ similar to the method 
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proposed for dams, where 𝐵$ and 𝑏$ are defined in Equation (285) and Equation (286), 

respectively, in Chapter 7 of this dissertation.  

 

Figure 259: The F:N criterion for Orleans Central, St. Bernard, and New Orleans East levee   

Through extrapolation from the federal inventory, it is estimated that tens of 

millions of people live and work in leveed areas. This dissertation made the simplifying 

assumption that the only benefit of a levee system is protecting the lives of the people 

living inside the system. This dissertation also made the assumption that roughly 15 

million of the US population live inside levee-protected areas. The number of people 

living inside Orleans Central levee system, when Hurricane Katrina happened was 

255,860. This population was 85,420 and 96,290 people for St. Bernard and New Orleans 

East, respectively. It was also assumed that this population numbers remained the same 
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until the time of writing this dissertation.  Hence, the respective societal risk criterion for 

the aforementioned three levee systems are lower (on a 𝑙𝑜𝑔 − 𝑙𝑜𝑔 plot) by !"",!"#
!",!!!,!!!

, 

!",!"#
!",!!!,!!!

, and !",!"#
!",!!!,!!!

 compared to the national U.S. societal risk criterion for levees, 

respectively. The resulted F:N criteria is shown in . 
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