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FOREWORD 

These volumes contain papers that were presented at the PSAM II Conference. 
PSAM I was held in February, 1991 and its success led to the present Conference and 
hopefully many more. 

The purpose of the PSAM Conferences is to provide a forum for the presentation 
of scientific papers covering both methodology and applications of system-based 
approaches to the design and the effective, safe operation of technological systems and 
processes. These include nuclear plants, chemical and petroleum facilities, defense 
systems, aerospace systems, and the treatment and disposal of hazardous wastes. The 
objective is to share experiences to the benefit of all industries. 

We would like to comment on the production of these proceedings, specifically the 
printing and binding. Unfortunately, the publishers we had contracted to publish the 
proceedings did not fulfill their obligation to have them available in time for the 
Conference. Due to our strong belief that the proceedings should be handed out at the 
Conference, we have done our best to produce these volumes in the very short time 
available. 

The Editors 
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DEVELOPMENT OF FAST-RUNNING THERMAL AND STRUCTURAL 
RESPONSE MODELS FOR PROBABILISTIC ANALYSES OF COMPLEX 
SYSTEMS* 

Allan S. Benjamin and Nisa N. Brown 
Special Projects Department 6411 

Sandia National Laboratories 
Albuquerque, NM 87150 

Risk assessment is often defined as the analysis of what can go wrong in a 
complex system, how likely it is to occur, and what the consequences are. The more 
complex the system is, the more pressed the analyst becomes to ensure that he or she 
has considerei:l all the credible pathways that can lead to an unsafe condition. If the 
analysis involves the determmation of how the system responds to thermal or 
structural challenges, then the analyst must have .the tools to evaluate these responses 
rapidly and reliably over a very broad range of possible scenarios. 

Three areas where fast-running thermal and structural response models are 
particularly desirable are: (1) for assessments of potential nuclear detonation 
pathways for nuclear weapon systems exposed to fires arid crashes; (2) for 
probabilistic structural analyses of civil systems exposed to dynamic loadings; and (3) 
for dynamic analyses of nuclear reactor systems exposed to external events. The 
overarching concept of the models may be similar fur each of these casesbbut the 
r~asons they are needed and the manner in which they are used may e quite 
different. 

In nuclear weapon system applications, fast-running models are needed to explore 
very subtle variations in the environments to which the system is exposed in order to 
ascertain whether any of these variations can lead to an ele.ctrical pathway from a 
power source to the main detonators. For such a pathway to i:levelOP., some 
comJ!onents have to fail as a result of the environment while others must survive. 

In probabilistic structural analyses, fast-running models can be used to explore 
the responses of the system over a W1de range of material property variations to 
determme the effects of these uncertainties on the fmal state of the system. Rather 
than attempting to prove that the system survives all design basis accidents, the 
analyst attempts to <femonstrate that the probability of structural failure is acceptably 
low. 

In dynamic nuclear reactor risk assessments, fast-running models are needed for 
tracing the transient res~nses of the reactor plant over a set of accidents that can 
unfold in a countless number of ways, de_pendmg upon the dynamics of the external 
environment and the nature and tinung ofthe human responses. 

• I his work was supported by the United States Department of Energy under 
Contract DE-AC04-76DP00789. 
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This paper describes two fast-running physical response algorithms, which were 
originally developed for the analysis of nuclear detonation pathways in nuclear 
weapon systems, but which can be used for other applications such as those 
mentioned above. The first is embodied in a computer code called 1EMPRA-3D, 
which is an acronym for 'J:hermal Evaluation and Matching frogram for Risk 
Applications." The second 1s contained in a computer code callea STRESS-3D 
which stands for ".Spring-mass Iransient Response ];valuation for .Structural 
Svstems." A discussion of the overall approach bein_g_!aken to assess nuclear 
oetonation risks, including the use of 1EMPRA-3D and STRESS.:3D, may be found 
in related papers.1,2 

1EMPRA-3D is a lumped-capacitance thermal analysis code that is extremely 
fast-running and unconditionally stable. It contains fully integrated numerical models 
for many plienomena of interest in the evaluation of system responses, including 
thermal conduction, thermal radiation, thermal convection, chemical reactions, and 
material decomposition. Given inputs for the appropriate thresholds, the code is 
capable of calculating the timing of unportant events, such as comp!)nent failures or 
the ignition of explosives. If uncertamty distributions are provided, it computes 
pairwise event probabilities (i.e., the probability that one event occurs before 
another). 1EMPRA-3D achieves its speed and computational stability through the 
use of lumped-element modeling and semi-implicit time integration, together with 
full linearization and numerical coupling of the governing nonlinear equations. 

1EMPRA-3D also contains a benchmarking option, m which the user may specify 
that certain parameters are adjustable. A special algorithm determines the values of 
these parameters that optimize agreement with a set of benchmarking data. The 
benchmarking data may mclude results obtained from more detailed finite-element 
models or data obtainecl from e~eriments. Further details of the modeling concepts 
employed in lEMPRA may be found elsewhere.s 

STRESS-3D is a dynamic structural analysis code that models a s}'filem as a 
connection of masses and nonlinear springs. The principal functions of STRESS-3D 
are to calculate the dynamic responses to various types of impacts, focusing upon the 
stresses and strains in shell-like structures and the mean accelerations and 
displacements of solid components. Some of the key features of the code are: (1) 
explicit integration of Newton's law of motion for each mass; (2} spring forces 
evaluated from constitutive (stress-strain) relationships and appropnate areas· (3) 
characterization of strain-hardening in melastic materials and compressive load­
bearing capability of foam materiafs; and ( 4) innovative modeling of shells. The 
code is numerically stable regardless of mesh skewness, a feature that distinguishes it 
from finite-element codes. Some of the concepts employed in STRESS-3D are 
described elsewhere.• 

As of this writing, the STRESS-3D code is in an exploratory state of develoJ)_ment 
and has not yet been used in a risk assessment. On the other hand, 1EMPRA-3D has 
been applied in a PRA, and the results provide evidence of the relative efficiency, 
accuracy, and reliability of the code compared to a detailed finite element (FE) code. 
The results of the comparison are shown in Figure 1 and are descnl>ed below. 

For this example, we discretized a reentry vehicle (R/V) and its internal 
components into meshes suitable for each code. The detailed FE mesh contained 
about 5000 finite elements, and each run utilized about 12 CPU hours on Sandia's 
Cray YMP computer. The long execution time was due in Iliff part to the large 
number of radiation surfaces employed. The simplified MPRA-3D mesh 
contained 154 Jumped elements, and each run required about 30 CPU seconds on the 
same platform (a factor of 1400 reduction). We ran the two models for the same five 
cases which are summarized in Table l. These cases encompassed a wide variety of 
thermal environments. For both models, we tracked temperature responses for 11 
components and structural members of interest to the PRA. We assigned each 
component a failure or actuation temperature threshold, recorded the time at which 
each exceeded its threshold, and plotted the results in Figure l. Each point in the 
figure represents an event time for one of the 11 components during one of the 5 
cases. 

The results indicate that 1EMPRA-3D is capable of providing a dose simulation 
of detailed finite-element analyses. The standard deviation of the differences 
between 1EMPRA-3D and the detailed FE model for the data in Figure 1 is ±_7.2%, 
a figure which is well within the commonly accepted accuracy requirements for PRA 
a!)plications. This h~~ ~egree of fidelity 1s attnbutable principally to the parameter 
ac!Justment feature o MPRA-3D. 
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Table 1. Conditions Applying to Example Application. 

(a) Cases Run 

Case Fire Fire system Fire 
Temperature Duration configuration Orientation 

5000 ·F 10 minute Whole R/V Laterally 
propellant heatup engulfing 
fire 

2 1850 'F 4 minute -Whole R/V Laterally 
fuel fire heatup, engulfing 

86 minute 
cooldown 

3 1850 ' F 90 minute Whole R/V Forward part 
fuel fire heatup engulfed, aft 

part insulated 

4 5000 'F 10 minute Whole R/V Laterally 
propellant heatup with 2"-dia . engulfing 
fire hole through 

aeroshell 
opposite ESD 

5 2250 'F 90 minute Midsection Front plane 
fuel fire heatup without end exposed, sides 

caps immersed in iso-
thermal medium 

(b) Component and Structural Members Evaluated 

1, Intent strong link 7. High explosive 
2. Environmental sensing device 8. Mounting plate bolts 
3. Fuse switch 9. Forward flange attachment 
4. Fireset 10. Aft flange attachment 
5. Transformer 11. Thermal battery 
6. Trigger circuit 

In addition to the physically-based analysis techniques described above, we are 
exploring possible uses of logically based methods, such as neural networks and 
canonical variate analysis, as alternative approaches for simulating the thermal and 
mechanical responses of complex systems. These methods have been shown by a 
num_be~ of researchers to provide rapid and accurate simulations in certain 
apphcanons. 

The presentation will discuss the modeling aspects of TEMPRA-3D and 
STRESS-3D in greater detail, will expand upon the example results described above, 
and will provide additional informauon on the possible applications of these codes 
and other methods to contemporary problems i_n risk assessment. 
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Figure 1. Comparison ofTEMPRA-3D Results for Example 
Application witn Results from Detailed Finite-Element Model. 
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THE IGNITION TEMPERATIJRE OF SOLID EXPLOSIVES 
EXPOSED TO A FIRE 

John R. Creighton 

Lawrence Livermore National Laboratory 
Livermore, CA 94550 

INTRODUCTION 

When a system containing solid explosive is engulfed in a fire it receives a heat flux 
that causes the temperature of the system to rise monotonically. The temperature rise can 
often be approximated by a linear rise for extended periods of time. When some portion of 
the explosive, usually near the surface, reaches its ignition temperature it will begin to 
bum. If the explosive is wiconfined, or can breach its confinement at low pressure, it will 
bum, riot explode. Typically the bum front will propagate through a slab or shell at speeds 
on the order of a centimeter a minute. If the explosive is confined, the gas resulting from 
its burning will generate pressures high enough to rupture the confinement, but the peak 
pressure will generally be only a fraction of the pressure from a true detonation. 

When a system is not engulfed in the fire, but is close enough to be heated slowly by 
the fire, the behavior will be different. If the explosive is heated slowly it will have a 
nearly uniform temperature and ignition will occur inside the explosive. This almost 
always causes an explosion, even when the explosive as a whole is wiconfined. The reason 
for this behavior is not well widerstood but slow heating of an explosive generally results 
in a more violent explosion than fa.st heating. 

These two situations are recognized by fast and slow cookoff tests used with muni­
tions. Many munitions pass the fast cookoff test with heating rates around 2 K/min. Slow 
cookoff tests with heating rates around 4 K/hr generally result in an explosion. (The equa­
tions in this paper assume absolute temperatures in Kelvins, equal to Celsius+ 273.16.) 

Mathematical models predicting the time to explosion are usually based on the 
assumption that the explosive has a uniform initial temperature and that the outer surface is 
suddenly raised to some temperature and held there. The earliest such models were those 
of Semenovl and Frank-Kamenetskii2. Many numerical calculations use the same bound­
ary conditions, as exemplified by the work of Zinn and Mader3. These models predict a 
critical temperature for explosion. Below the critical temperature heat loss exceeds the 
heat generated by chemical reactions everywhere in ~c explosive and no explosion occurs. 

This work was performed under the auspices of the U.S. Department of Energy by Lawrence 
Livermore National Laboratory under contract No. W-7405-Eng-48. 
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Above the critical temperature heat generation exceeds heat loss somewhere in the explo­
sive. The chemical heat generation increases roughly exponentially with temperature while 
heat loss by conduction increases only linearly with temperature. The result is a thermal 
runaway that is usually as_sociated with ignition of the explosive. 

This paper analyzes a different boundary condition, a linear temporal increase of the 
surface temperature. The results are similar to the constant boundary temperature except 
that at higher heating rates the ignition temperature is higher than the critical temperature, 
defined above. The only other relevant calculation that we could find for this boundary 
condition was the work ofBoddington4. He and his coworkers did an asymptotic analysis 
for a linearly increasing temperature on the boundary, assuming a single Arrhenius rate co­
efficient. This paper considers more realistic, multi-step, reaction schemes representing 
some real explosives. We used the multi-step reaction schemes of McGuire and Tarver5 
for HMX (octahydro-1,3,5,7-tetranitro-l,3,5,7-tetrazocine) and TATB (2,4,6-trinitro-1,3,5-
benzentriamine). These schemes require numerical solutions. We also did calculations for 
a single Arrhenius rate coefficient, to compare with earlier work. The calculated ignition 
temperatures fit a relatively simple curve and a mathematical model explains features of 
the curve fit. 

BASIC TIIEORY OF THERMAL RUNAWAY 

The governing partial differential equation considers heat conduction and chemical 
generation of heat 

iJT a ( ar) pC~=~ l~ +dfJche,,,/dt 
at ax at 

(1) 

where r is the density , C the heat capacity per unit mass, .t the thermal conductivity of the 
explosive and d(l,;hem/ dt is the heat release rate due to the chemical reaction. 

When the chemical heat release rate is negligible, solutions of the transient heat con­
duction problem can be obtained. The general solution for slab geometries is of the form 
exp(-x2/4at), where the thermal diffusivity, a equals .t(pC. The exact form of the solu­

tion is determined by the boundary conditions, but the temperature approaches steady state 
with a time constant no less than x2 / 4a. Values of a from Table I give time constants on 
the order of 100 seconds at a depth of I cm. The time constant is quadratic in x so the time 
constant will be on the order of 400 seconds at a depth of 2 cm and 10,000 seconds at a 
depth of 10 cm. The behavior of cylindrical or spherical explosive systems is qualitatively 
similar. 

If we use Arrhenius kinetics for the chemical heat release term in Eq. 1 we get 

(2) 
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where ,1Jfr is the heat of reaction per unit mass, [A] is the mass fraction of reactant and l is 
assumed to be independent of temperature. (I have used the activation temperature, Ta, in 
place of the traditional activation energy, Ea, equal to RTa, to emphasize the dimensionless 
nature of the exponent.) 

At low temperatures the chemical heat production rate is low so the system 
approaches a steady state where the left hand side of Eq. 2 vanishes and the conduction 
term cancels the chemical heat release everywhere in the explosive. At high temperatures 
the highly non-linear chemical heat release term completely overwhelms the conduction 
term . The rising temperature causes yet higher chemical heat release, resulting in thermal 
runaway. The critical temperature, Tc, is the highest boundary temperature for which a 
steady state can exist. Above this critical temperature the chemical heat release exceeds 
conduction somewhere in the explosive and ilr/at becomes positive, increasing in magni­
tude as the temperature runs away 

If the surface temperature is just slightly above the critical temperature the explosive 
will have time to reach steady state and ignition will occur near the center of a symmetric 
system. If the surface temperature is several degrees above the critical temperature, the 
center will not reach steady state before thermal runaway occurs at some location between 
the center and the surface. As the surface temperature is raised, thermal runaway occurs 
progressively closer to the boundary. Examples are found in Zinn and Mader3. 

Frank-K.amenetskii2 discusses the critical temperature at length. We give a brief 
derivation. Let the surface temperature be Ts, and T = Ts + oJ.', where ol'/Ts << I. Substi­
tuting this in the Eq. 2 and expanding the exponent in a series yields a partial differential 
equation in or. 

(3) 

where typical values of Ta/Ts are between 30 and 50. For values of TaoTj T} << l this 

equation has steady state solutions where the time derivative vanishes. If L is some char­
acteristic thickness or radius of the piece of explosive we can make the steady state equa­
tion dimensionless by substituting ~ = x I L 

(4) 

where the dimensionless parameter 

The left hand side of Eq. 4 is proportional to oT and cannot have a magnitude more 
than a few times oT. The minimum value of the exponential on the right hand side is I, so 
soiutions of Eq. 4 exist only for sufficiently small values of Wl'.fsJ. Franlc-Kamenetskii2 
has. shown that for slab geometry there are no solutions of Eq. 4 for Wl'.fs) > 0.88. The 
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value of surface temperature, Ts, that yields this value of Wt Ts) is the critical temperature, 
Tc. If the explosive is a cylinder, the critical value of WlTs,J is 2.0 , and it is 3.32 for a 
sphere. Critical temperatures exist for more complex chemical reaction mechanisms, pro­
vided the reaction rate is a monotone increasing function of the temperature. 

The critical temperature is useful for safety studies because the explosive will not 
ignite below that temperature. However, caution should be used with calculated critical 
temperatures because the chemistry of explosives is complex and there are instances where 
actual systems containing explosives have ignited well below the calculated ignition tem­
perature. Therefore system tests are advisable_. Critical temperature is of limited use for 
systems engulfed in a fire. The fire temperature is generally much higher than the critical 
temperature so the system will eventually reach ignition temperature. In that case we 
would like to know how long it will take to reach ignition. 

NUMERICAL SOLUTIONS FOR LINEARLY INCREASING SURFACE 
TEMPERATIJRE 

Numerical solutions of the one-dimensional version of Eq. I were done for a slab 
with temperature Ts = To + /3t at the surface x = 0 and no heat flow out of the surface at 
x = L. Three reaction schemes were used: a single Arrhenius rate coefficient as in Eq. 2 
and multi-step reaction sets for HMX and TATB developed by McGuire and TarverS. The 
chemical kinetic and thermal parameters are summarized in Table I. Calculations were 
done using standard finite difference. and finite element methods. 

Table 1. Summary of Chemical Kinetic Reaction Schemes 

l C p &Ir 
calknH•K c:al/gm-K gm/cmJ Reaction Rate caVgm 

Arrhenius 0.00191 0.26 1.94 A-+B 3.Sx 1019 exp(-30,000/T)[A.] 2000 
BMX 0.00123 0.24 1.90 A.--1..+B L4x 1021 exp(-26,300/T)[ A] -100 

B~C l.9x 1016 exp(-22,500/T)[B) 300 

C~D 1.6x 1012 exp(- 17,500/T)( Cj2 1200 
TATB 0.00191 0.26 1.94 A.....!...+B 6.Sx 1012 exp(-21,000/T)[ A) -SO 

A.+B~2C 3.5x 1019 exp(-30,000/T)( A][B] 900 

B+B-!...+2C l.6x 1015 exp(-27,500/T)( B]2 950 

[A], (BJ, [CJ and [DJ are mass fractions. Coefficients in reactions preserve mass fraction, not atoms. 

Calculated ignition temperatures are shown in Fig. I. A few relevant experimental 
data points6 are shown for LX-10 {95% HMX) and LX-17 (92.5% T;ATB). There have 
been many fast and slow cookoff experiments so one would expect to find a wealth of 
experimental data for this boundary condition from fast and slow cookoff tests. However, 
when one examines this data many of the tests are for mixtures of explosives. Even if we 
ha:ve kinetic schemes for the individual components of the explosive it is probable that in­
termediate products of the two explosives interact, so we cannot simply add two reaction 
rates. Other cookoff tests are done with insulation between the heated surface of the 
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Figure 1. Numerical calculations of ignition temperature as a function of heating rate 
for a single Arrhenius reaction rate and multi-step models for HMX and TA TB. 
Experimental results6 for LX-10 (95% HMX) and LX-17 (92.5% TATB) are also 
shown. 

munition and the explosive, so it does not match our chosen boundary condition. As a 
result there is surprisingly little good experimental data to compare with our numerical 
calculations. 

A FUNCTION TO FIT THE NUMERICAL DATA 

Along with the results of numerical calculations, Fig.' I shows curve fits of the form 

T, - 1j 
ign - 1-bln/3 (5) 

where the surface temperature is rising f3 K/sec. Different values of the fitting parameters, 
T1 and b, are used for each kinetics model. The form of Eq. 5 was initially obtained by 
guessing the appropriate functional form and rejecting those that didn't fit well. 

The form of Eq. 5 has a physical basis. With a linearly increasing surface tempera­
ture the steady state temperature distnoution within the explosive is no longer uniform. 
Instead it is a parabola 7. 

/JL
2 ( 2/ 2) T. =T. -- 2x/L-x L u s 2a 

Let T = Tu + oT, where oT is the small contribution to the total temperature due to the 
chemical reaction. Substituting this into Eq. 2 and expanding the exponential gives an 
equation analogous to Eq. 4 

5 

(6) 
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(7) 

At very low heating rates this. has a critical temperature very close to that ofEq. 4. At 
higher heating rates the exponential term in the middle is less than 1 so the critical value of 
W(Ts) must be greater than that from Eq. 4 and ignition will generally occur near the sur­
face. Note that ST is also a function of x so Eq. 5 must be integrated to determine the 
functional form of ST. This has been done using several approximations8, yielding an 

equation for the critical temperature with 17 = Ta/T; and p = 17L2 /a 

(8) 

This is similar in form to Eq. 5, though more complicated. It differs from Eq. 5 by asymp­
totically approaching the classical Frank-Kamenetskii critical temperature as it should. 
The time to explosion is a trivial calculation, tign ~ T;g,l/3. However, one should use these 
calculated ignition temperatures with caution unless they have been checked by actual tests 
of the system being considered. The chemistry of explosives is complicated and anoma­
lously low ignition temperatures are not infrequent in real systems. 
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DEVELOPMENT AND VALIDATION OF A VAPOUR CLOUD EXPLOSION BLAST 
MODEL 

G. Opschoor, A.C. van den Berg and W.P.M. Mercx 

TNO Prins Maurits Laboratory 
P.O. Box 45 
2280 AA Rijswijk 
The Netherlands 

INTRODUCTION 

The presence of dangerous goods such as liquids or gaseous flammable mixtures pose an 
increasing risk to society as the quantities involved and the frequency of activities grow during the last 
decade. Vapour cloud explosions have proved to be potentially devastating. Incidents as in Aixborough 
and Beek have shown the need to assess the risks of vapour cloud explosions. 

The explosive power of a vapour cloud can be expressed as an equivalent explosive charge whose 
blast characteristics are known. Up to now TNT -equivalency methods are widely used to relate the 
quantity of fuel available in a vapour cloud to an equivalent of TNT-charge expressing the clouds 
explosive power. 

Gas explosion research during the last decade however, has shown a completely different picture. 
It shows that a fuel-air mixture is flammable, but explosive only under appropriate conditions. These 
boundary conditions are that the mixture must be panially confined and/or obstructed. The awareness 
of boundary conditions as being the primary factor for explosion severity resulted in the Multi-Energy 
method for vapour cloud explosion blast modelling, developed in the TNO-Prins Maurits Laboratory 
during the last decade. 

THE MULTI-ENERGY CONCEPT 

Currently it is believed that the assumption of deflagrative combustion is a conservative and 
sufficiently safe approach in vapour cloud explosions hazard. In general the initial stage in the process 
of deflagrative combustion in gas explosions is more or Jess laminar. Based on many vapour cloud 
explosions the main question is now: How can laminar combustion develop into explosive and blast 

· generating process ? The key to this problem can be found in the phenomenon of turbulence. 
Premined combustion induces expansion and causes a flow field. If the boundary conditions to this 

expansion flow field are such that turbulence is generated, the flame will interact with the turbulence, 
resulting in stronger expansion flow. A positive feed-back coupling in triggered bY which the process 
develops more or less exponentially both in speed and overpressure. 
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The consequence is that the development of a gas explosion is primarily determined by the 
presence of a turbulent generating environment. This imponant conclusion determines the concept of 
a vapour cloud explosion which underlies the method of blast modelling. This basic concept, called the 
Multi-Energy concept, states that blast is generated in vapour cloud explosions only in the pans of the 
vapour cloud which are obstructed and/orpanially confined and that the unobstructed and/or unconfined 
pans of the cloud hardly contribute, in contradiction to conventional methods, in which a vapour cloud 
is regarded as an entity. 

The Blast Model 

In the Multi-Energy method fuel-air charge blast is used for this purpose [I] . Figure I shows the 
peak overpressure as well as the positive phase duration of the blast wave, produced by a hemispherical 
fuel-air charge of radius R0 at the eanh 's surface, dependent on the distance to the blast centre in a Sachs­
scaled representation. This blast model is generated by numerical simulation of spherical steady flame 
speed gas explosions. 

The blast model reflects basic features of gas explosion blast. The initial blast strength is a variable 
expressed as a number ranging from I for insignificant to IO for detonative strength. The initial blast 
strength can be defined as a consistent set of blast parameters at the location of the charge radius R

0
• In 

addition, the model gives an indication for the blast wave shape which can have considerable effects for 
a subsequent dynamic structural analyses of a blast-loaded structure. 

Figure 1. 

' I 

I 
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Pc • atmospheric pressure 
Co - atmospheric sound speed 
E • amount 01 comb1JStion energy 
R0 • charge ractius 

Hemispherical fuel-air charge blast model [I] 

Uncertainties in the Multi-Energy Method (MEM) 

Although the Multi-Energy method recognises the phenomena observed in reality better and 
should therefore be preferred to TNT-equivalency methods, there are two main aspects which hinder 
a clear and straight forward application. 

There is a lack of guidance to select an initial source strength (explosive power) 
In case multiple blast generating sources are present within the total vapour cloud, the ques­
tion arises how they should be dealt with: separately or as one blast generating source. 
Answering these questions requires fundamental knowledge of the explosion phenomena, which 

are gained from extensive experimental and theoretical research programs, which are still going on in 
the TNO/PML. Some important results will be discussed in the next chapter of this paper. 
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NUMERICAL SIMULATIONS 

The theoretical research into vapour cloud explosions is focused on the improvement and 
validation of two computational fluid dynamic codes REAGAS-3D and BLAST - 3D. 

The REAGAS-Code 

The REAGAS-Code (2) is capable of simulating the basic mechanism of a gas explosion: the 
interaction between combustion, expansion and turbulence. With other words, the code can estimate the 
source strength (explosive power) of a vapour cloud explosion in an obstructed and/or panially confined 
area. 

The mathemacical model which implies the REAGAS-code can be summarized as follows (2) : 
The gas dynamics is modelled as a gaseous fluid which expands as a consequence of energy 
addition . This has been mathematically formulated in conservation equations for mass, 
momentum and energy. 
The energy addition is supplied by combustion which is modelled as a simple one-step conver­
sion process of non-reacted material into combustion products. This is expressed in a conser­
vation equation for the mixture mass fraction which a negative source term for the combustion 
rate. 

The combustion rate, which is fully controlled by turbulent mixing of combustion products 
which unreacced material is modelled by the Bray-Libby-Moss Unified Probability Function 
model. 

The feed-back in the interaction is closed by a k-€ model for turbulence which consists of 
conservation equations for the turbulem kinetic energy k and its dissipation rate €. 

An example will now be given in which the REAGAS-code is utilized . . It concerns a simulation 
of a gas explosion in the space underneath an atmospheric storage tank. The tank is located on a pi Ion 
forest. For the simulation this pilon forest between two parallel planes is simplified intO a two­
dimensional obstacle environment. The obstacles are placed in 11 concentric circles according to the 
pilon layout. It is assumed that centrally ignition occurs. The results are presented in Figure 2. 

The temperature distribution is visualised by a pattern of isotherms, one for each increase in 
temperature of 150 K. 

... .. .... . .. . .. . .. . , . . . . . . . . . . . . . . . . . . . : . . . . . . . : .. . " : : . . . . . . . . . . . 
' ' . ~ . . . . . . . . . . .. . ::>>:·: -~·· ..... .................. . . . . . . . . . . . . . .. . · ' . . . . . . ... ..... ·. -....-·- ·"-• . _____ ........, __ 

Figure 2. REAGAS simulation of a centrally ignited gas explosion developing in a concrete pilon forest 
underneath an aunospheric storage tank 

The sequence of piccures shows a very characteristic behaviour of gas explosions: a slow stan 
followed by a more or less exponential development in flame speed and pressure. This characteristic 
behaviour can be readily recognized in the overpressure transients sampled at various locations in the 

· flow field and represented in Figure 2b. The computations sow that an overpressure of more than 40 kPa 
is generated during the development of this centrally ignited gas explosion. This maximum overpressure 
is observed more or less throughout the panially confined space. 

This overpressure corresponds to a blast strength of number 6 of the MEM-charge blast model 
(Figure 1). 
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The BLAST-code 

The·blast waves generated by a vapour cloud explosion decay in the surrounding atmosphere and 
may to damage up to a considerable distance. The flow field inherent to a blast wave has a complicated 
structure in particular when it is influenced by the presence of irregular rigid boundaries. Often 
numerical simulation is the only possibility of finding the blast loadings of sWTounding objects with 
some accuracy. 

The assumption of inviscid flow-described by the Euler equations is justified for the computation 
of many aspects of blast. Blast-related flow fields are characterized by gas dynamic discontinuities. If 
convemional numerical methods are used to solve the conservation equations for mass, momentum and 
energy. such phenomena are completely degenerated. Special methods are required tailored to capture 
and preserve shock phenomena. In the BLAST -code [3) a Flux-Corrected Transport scheme is used for 
this purpose. By Flux-Corrected Transport, a higher order solution is obtained which is numericall y 
diffused to an extent just sufficient for numerical stability. 

To demonstrate the BLAST-code capabilities, the results of a numerical blast simulation are 
presented in Figure 3, which shows a blast wave of IO kPa overpressure and 60 ms duration falling in 
at two buildings located close behind one another. 

In Figure 3 the pressure field is represented which develops a consequence of the blast wave 
reflection at the configuration. At some consecutive points of time the pressure distribution is visualized 
by means of an isobar pattern, one isobar for each increase in pressure of 0.5 kPa. The picture gives a 
clear view of how the blast loading is the result of a combination of wave reflection and lateral 
rarefaction of reflected overpressures. In particular, they show how in between the two buildings a 
complicated wave pattern develops, a c-onsequence of various reflections and wave interactions. The 
overpressures sampled at three different locations at each building are graphically represented in Figure 
4. In the overpressure transients, the c-omplicated wave pattern can be readily recognized. 

The computation shows that the blast load at the front of the second building is considerably less 
than the reflected overpressure of the undisturbed blast wave endured by the front of the first building. 
In this way the effects of blast load reduction by sheltering effects can be quantified. 

Figure 3. 
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Figure 4. 
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Blast simulation of the blast wave reflection by a complex of two buildings. 
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Overpressurcs sampled in various locations at the buildings. 
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EXPERIMENTS 

The experimental research at TNO/PML was focused on the turbulence creaced by the flow 
interaction with obstacles. As in real plant situations, a wide variety of combinations of confining 
structures and obstacles exists. These situations had to be idealized and simplified to study efficiently 
the influence of the parameters involved. The emphasis was put on obstacles located between two 
confining surfaces, a top and a bottom plate, which is often present in on- and off-shore plants. 

Here the resulis of two experiments will be described. The first experiment was performed on small 
scale (4 x 4 m) while the second was scaled up with a factor of 6.35. 

In the first experiment the obstacles themselves consisted of concrete cy linders wi th diameters of 
0.08 m. The obstacle array consisted of concentric circles of obstacles and had outer dimensions of 4x2 
and 4 x 4 m with variable heights (Figure 5). 
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Figure 5. Obstacle configuration applied during experiments 
D: obstacle diameter. H: obstacle height. P: distance between obstacle rows 

Variables were [ 4): 

the distance between two rows of obstacles (Pitch P); 
the ratio obstructed and unobstructed area in a cross section (Blockage Ratio BR): 
type of gas; 

a locally increased gap width between two obstacle arrays. 

The last variable was to study the case in which two confined areas are present within the vapour 
cloud. Only the most imponant results will be described briefly here. 

II was found that the maximum flame speeds occurred in the boundaries of the obstacle array ad 
that they were highest for the smallest pitch and the largest blockage ratio used (P• 1.5 D. D: obstacle 
diameter, BR- 0.7). 

The influence of the type of gas on flame speeds and accompanying overpressures is related to the 
reactivity expressed in different values for the laminar flame speed: the higher the laminar flame speed, 
the higher the maximal flame speeds and overpressures. Further it appeared that scaling of the flame 
speed between various gases is possible by using the laminar flame speed as the scal ing factor. 

The results of the tests to simulate an explosion in one obstacle array and the ensuing explosion 
in a second nearby array show that the flame decelerates after leaving the first (donor) array and 
accelerates again after entering the second (acceptor) array. 

Testing on a small scale makes an extensive study into the influence of various parameters cost 
effective. However, large scale experiments are necessary to validate scaling laws. It is known that 
explosion severity increases more than may be expected on the basis of these scaling laws, especially 
for vapour cloud explosions. For instance, the probability of a transition to detonation increases with 
increasing geometrical scale. 

A test programme was set up to investigate the effect of scaling [5). Seven tests from the previous 
programme were selected and scaled up with a factor of 6.35. This resulted in an obstacle with a diameter 
of0.5mandaheightof Im. Theouterdimensionsoftheobstaclearraywere25.4 x 12.7 m. The variables 
were the type of gas, the pitch P and the blockage ratio BR. 

The test resulis were influenced considerably by the partial failure of the roof during the tests. 
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It appeared that the simple modelling procedure for the flame speed and reactivity scaling, found 
for the small test results, gave unsatisfactory results. The assumption of the flame speed being the 
laminar flame speed until the flame speed until the flame reaches the first obstacle does not hold on a 
large scale. Due to the longer distance to the first obstacle, flame instabilities will occur which will 
increase the flame speed. Figure 6 shows a comparison between a small- and large-scale test. The 
premature venting through the roof is responsible for lower large-scale speeds at a longer distance. 

9 1<1»2.9 

.;; 
150 1 P.60 

I BR • SO% 
merhane 

~ 
:2 

100 small scale 

o···········O o·········· 
50 ···········-0· .. ~·-·· large scale 

/ 
0 

o,,.-0 
0 5 10 15 20 25 

r/0 
Figure 6. Geometrical scaling taking into account flame speed enhancement due to flame instabilities. 
r - distance to ignition. Test: methane, P - 60, BR - 0.5. 

CONCLUSIONS 

Knowledge of the mechanisms of vapour cloud explosions has increased largely due to the 
experimental and theoretical research efforts made during the last decades. This has resulted in the 
development of the Multi-Energy method and the computational fluid dynamic codes such as 
REAGAS-3D and Blast·3D. 

The Multi-Energy method constitutes an alternative for conventional TNT-equivalency methods 
which are unsatisfactory in some aspects. 

The Multi-Energy framework is a flexible concept which makes it possible to incorporate current 
experimental data and advanced computational techniques. It appears that these computational 
techniques contribute a more and more sophisticated approach in vapour cloud explosion hazard 
analysis. 
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POST-MORTEM RISK MODELING 
OF THE MEXICO CITY DISASTER 

Dr. G.N. Pettitt, Mr. J.D. Harms, Dr. JL. Woodward 

DNV Technica, Inc. 
355 E. Campus View Blvd, Suite 170 
Columbus, OH 43235 

INTRODUCTION 

Computer models that simulate hazardous events are widely used in the chemical, 
petrochemical and related industries in order to determine hazard zones, to determine the 
risk from a particular incident or set of incidents, to establish an emergency response 
plan, etc. The validity of such analyses depends upon the accuracy of the computer 
models as well as upon the risk analysts' choice of modeling parameters and options. 
Post-mortem analysis of major accidents is an approach used to assess model accuracy 
and parameter choices. 

We apply here post-mortem analysis of the Mexico City incident using current 
models and estimates of population density, fue exposure time, the fraction of available 
inventory burned in a fueball, etc. This exercise is as much a test of these sort of 
assumptions as it is of models, in this case primarily a fueball or BLEVE (boiling liquid 
expanding vapor explosion) model. The use of actual incidents comparing model 
predictions with experience usually has the advantage of not requiring scale up, but the 
disadvantage that the event conditions are usually poorly defined. For example, it is not 
known exactly how much material was involved in the Mexico City incident, and it is 
difficult to determine how many people were in the effect zone at the time of the incident 
There is even uncertainty concerning the actual number of casualties. 

BACKGROUND 

The Mexico City incident occurred on November 19, 1984, when a release of LPG 
ignited and led to a large fire and a series of explosions that completely destroyed a 
PEMEX LPG storage and handling facility. At the time of the incident, inventories were 
variously reported at approximately 50 to 70% of capacity, or at approximately 7860 to 
11,000 m3 of LPG in six spheres and 48 bullets. The bullets were diked in groups and 
the tanks were diked individually. The layout of the facility at the time of the disaster 
is shown in Figure l. The facility and disaster is well documented in a TNO report (l]. 
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When the PEMEX facility was originally constructed around 1962, there were no 
buildings near the site. At the time of the disaster, there were about 40,000 people living 
in San Juan lxhuatepec, a suburb of Mexico City, just south of the PEMEX site. 
Approximately 100,000 more people lived in the surrounding hills near the town. The 
nearest buildings were only about 130 m to the south of the storage tanks and consisted 
mainly of local population living in poor housing. 

EVENT CHRONOLOGY 

Most of the damage that occurred during the disaster resulted from several 
explosions during the morning. The first explosion occurred around 5 :45 am. This 
explosion, from eyewitness accounts, was an ignited vapor cloud. This explosion did not 
create large overpressure but probably damaged a few nearby houses and damaged some 
pipes at the site. It also, most likely, started some fires in the area. 

The second, and most likely the strongest explosion, occurred only I minute 9 
seconds after the initial vapor cloud explosion. This second explosion is thought to be 
a BLEVE of one or both of the two 1600 rrr (630,000 gallon) storage spheres. It is 
possible that one sphere contributed to the BLEVE and the second contributed to longer­
lasting pool fires. 

The mechanism for a possible rupture and explosion in such a shon time is not clear, 
although high line pressures are cited in a 1NO repon (1). Prugh (2) summarizes 
historical experience with BLEVEs and lists overpressurization, mechanical damage and 
mechanical failure, and a vapor-space explosion in the tank as possible causes for a 
BLEVE in addition to the usual cause by overheating. The shon time frame in this case 
does not allow development of high metal temperatures as suggested by instrumented 
large-scale tests (Appleyard, 3, Venan, et al., 4). Venan (5) has postulated a mechanism 
of coordinated bubble collapse that does not depend strongly on the presence of high 
metal temperatures. 

This second explosion leveled houses close to the site and was even mistakenly 
reported as an eanhquake. The blast wave from this explosion also shifted some of the 
storage cylinders from their suppons which caused funher LPG to be added to the fire. 
The instantaneous release of such a large amount of LPG during the incident most likely 
resulted in the material panially vaporizing in the BLEVE. It was observed that some 
unburned LPG spread into the populated areas. Both unburned and burning LPG flowed 
around and through nearby houses and ignited numerous secondary fires. 

Several more explosions occurred during the next hour. The largest of these 
occurred at 6:54 am. This explosion was also ~lieved to be a BLEVE of the two 
remaining 1600 m1 (420,000 gallon) spheres. However by this time most of the damage 
had already been done by the earlier explosions. 

Altogether, four 1600 m1 (420,000 gal) spheres were completely destroyed. The two 
2400 rrr (630,000 gal) spheres were less damaged; the supporting legs weakened and 
tilted the spheres toward the ground; one of these larger spheres had also ruptured at the 
top. Of the 48 bullet tanks originally on-site, 12 had been propelled off-site, 4 had 
completely disintegrated, and the remaining 32 were found on-siie, with only four not 
blown off their suppons. Overpressures from the explosions likely shifted some of the 
tanks in the storage area, but did not cause significant damage compared to the heat and 
the fireballs. The maximum distance that damage occurred to stone and concrete 
buildings was about 300 m. Scattered damage resulting from flying fragments occurred 
up to 1200 m from the storage area. 

The casualty list from this disaster included around 560 fatalities and 7000 injured. 
The majority of the damage and loss of life was probably due to the bc:al and ground 
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level fireballs that swept through the houses. Most of the fatalities occurred within 300 
m of the storage area. People in the street within 300 m of the plant most likely did not 
survive due to direct flame contact A large fraction of the people indoors at the time of 
the first two explosions within 300 m of the plant, perished, most likely while they were 
still sleeping. 

COMPUTER MODELING 

We chose to analyze a single major event, the second and probably largest explosion 
that occurred during the disaster since it most likely caused the most damage and loss of 
life. This explosion was modeled as a BLEVE using variations in several program 
parameters. The parameters varied are the population density. the percentage of people 
inside dwellings who were killed by a BLEVE, and the inventory of LPG involved in the 
BLEVE. 

BLEVE Model 

The fireball developed by a BLEVE is a short-lived transient event, described by a 
simple model. The effective fireball radius, R.r and duration, t.r, are given in terms of the 
mass of flammable material M, according to Moorehouse and Pritchard (6) by: 

R.r = 2. 67 Mo.327 

t., = 0.923 ~ 303 

The emitted heat flux, F ...... is given by: 

F . • f,lr{H, 
.... 2 

t.frtR,, 

where H. is the heat of combustion. The fraction of available heat energy radiated, f11., 
is given by Robens (7) and ranges between 0.2 and 0.4. SI units apply. 

The radiation dosage received by the observer, F _. depends also on a view factor, 
so: 

F . 

,_. [:J• I 

The effective distance to the center of a fireball, R, is related to the actual distance, 
R., by a function of the transmissivity of the atmosphere, giving, for the Mexico City 
conditions R/R,, = 0.66. 

Meteorological Conditions and Population Density Modeled 

The ambient temperature was 7° C and winds were calm in the early morning. We 
used Pasquill/Gifford Stability Oass E with 0.5 mis winds to the east for the computer 
simulation runs. 
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An accurate population map for the area at the time of the disaster is unavailable. 
Using Figure 1, the populated area within a 300 m radius of the BLEVE is about 38,300 
m1• We assumed three alternative population densities, 1.9, 2.9 and 4.9 people/100 m2

• 

These densities would produce 560 fatalities if the fatality ratio for population within 300 
m were 75%, 50% and 30% respectively. This same population density was also applied 
to the built up area outside of the 300m radius. The population was mostly indoors 
during the disaster, so roads were not modeled as population sources, only the building 
areas. 

Simulation Results 

Table 1 gives the BLEVE model predictions for fireball radius, duration, and emitted 
thermal flux for a set of assumed flammable masses, M, involved in the explosion. One 
eyewimess report put the fireball radius at 185 m, which would correspond to M=410 
tonnes. 

Figure 2, from Mudan and Croce (8), summarizes data for injury and fatality from 
fire exposure as a function of time of exposure and incident thermal flux. The data for 
the significant injury threshold are quite close to the data for the onset of fatalities to 1 % 
of the dosed population. 

For each flammable mass in Table 1 and corresponding fireball duration, t..r, we 
obtained a threshold effect level for thermal flux from Figure 2. That is, at various 
fatality levels, say 25, 50 and 75%, the threshold thermal flux from Figure 2 is included 
in Table 1. 

For each flammable mass, the BLEVE model predicts a radiation profile in radial 
distance. The threshold effect levels in Table l are points on the radiation profiles, which 
when overlaid over the population map indicate an incremental area and a number of 
people living in that area. This number of people is multiplied by the fatality fraction 
corresponding to the threshold effect/radial distance. Summing over all incremental areas 
gives the total predicted fatalities. Predicted fatalities are plotted in Figure 3 against the 
flammable mass, M, for each of the assumed population densities. 

The simulations showed that the amount of material in the BLEVE has an 
approximately linear effect on fatalities. This may be an artifact of using uniform 
population density. That is, both the radiation levels and the area covered by the effective 
radiation level are related proportionally to the square root of the distance from the site 
center. 

Figure 4 shows corrected fatality levels with respect to the flammable mass for 
varying population densities. The fatality levels were corrected by a factor of 0.3 to 
reflect the estimated degree of protection that is afforded population located indoors and 
shielded from the incident by buildings. From Figure 4, it is seen that this estimated 
degree of protection fits the observed fatality range for the estimated population density. 

CONCLUSIONS 

The results from the computer simulation showed that several sound assumptions can 
be made concerning the modeling of a BLEVE incident In addition, for some incidents, 
not all of the inventory in a BLEVE-ing tank participates. Some of the inventory may 
rain out into a burning pool fire, or a ground level fireball phenomenon occurs. 

The comparison between the historical outcome of the Mexico City disaster and 
computer simulations also illustrated that the role of the analyst is critical to the accuracy 
of the study. The analyst has to be able to decide which set of values is the optimal set 
for that particular location and facility. No matter how precise and accurate a group of 
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variables are for one facility, entirely different values may need to be used at a different 
facility. In this respect, the judgement and experience of the risk analyst then becomes 
the most imponant variable for the entire study. 
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Table 1. Modeled BLEVE Parameters 

Flammable Mass, M. tonnes 100 250 410 500 

Fireball Radius, R,,, m 115 155 183 195 

BLEVE Duration, t.o sec. 30 40 46 49 

Emitted Flux 8-, kW/rrr 368 382 390 394 

Threshold Dose for 25% fatalities F ._, kW/m2 28.2 22.4 19.4 17.8 

F- for 50% fatalities 37.6 29.9 26.6 24.4 

F ._ for 75% fatalities 44.7 35.5 30.7 28.2 
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AN ASSESSMENT METHODOLOGY FOR 
SRB MISSION FAILURE PROBABILI1Y 

Feng Hsu and Mohamad Ali Azann 

Engineering Technology Division 
Department of Advanced Technology 
Brookhaven National Laboratory 
Upton, New York 11973 

INTRODUCTION 

In this paper, an assessment methodology is presented for the evaluation of 
mission failure probability based on Solid Rocket Booster (SRB) risk scenarios, in­
cluding their relation to SRB operating specifications. This work was performed at 
BNL under the auspices of NASA in an effort to summarize parametric data as well 
as the failure-launch records of SRB. A specific SRB reliability database was devel­
oped using the internationally collected solid rocket booster data information con­
tained in the AIAA document1. Due to the vital importance of SRB failures in the 
overall launching risk of many space vehicle systems, the main objectiYe of this study 
is to develop. a methodology which can be used as a procedure guide in the evalu­
ation of SRB failure probability, and more importantly, to determine the SRB mis­
sion failure probability as a function of design parameters. In this regard, much of 
the effort in this study was allocated to evaluating the possible correlations among 
the available SRB design parameters and their underlying failure probabilities. 2 

The overall approach used to evaluate and apply SRB reliabili ty data can be 
summarized as follows: 

1. Identification of key data categories available for the SRB from the data 

2. 

3. 

4. 

5. 
6. 

resources. 
Review of the AIAA report and careful identification of all information 
needed to achieve maximum retrieval of data points available from SRB 
failure-launch records. 
Computerization of SRB reliability database in a format that is most con­
venient for the data analysis using various statistical approaches. 
Detailed data review to identify groups of SRB parametric data based on 
failure frequencies observed. 
Estimation of SRB failure probability as a function of design parameters. 
Overall estimation of SRB failure probability using Bayesian approach. 
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DEVELOPMENT OF SRB RELIABILITY DATABASE 

The fundamental source of SRB data used in this study was the "International 
Reference Guide to Space Launch Systems," documented by AIAA (hereafter refer­
red to as the AIAA report). For this study, we have focussed our effort on the data 
from the AIAA report, since this data has diversified SRB parameter types, it is con­
sistent over 10 countries worldwide, and was comparatively easier to retrieve. 
Future efforts may take advantage of additional data sources as they become avail­
able. 

A two-step approach was used in establishing the SRB reliability database: 

a. Identification of key data categories from the SRB data set: Identification 
of key engineering parameters was first carried out to extract only the neces­
sary information needed for evaluating the SRB design parameters, proper­
ties, attributes, and operational characteristics. There were 14 major data 
variables identified. These data variables were reported consistently among 
all the existing SRB design. This data was considered essential to categorize 
SRB failures from an engineering standpoint. 
The key variables identified from the AIAA report are: country ID, vehicle 
ID, propellant type, propellant mass, gross mass, diameter, length, average 
thrust, specific impulse (ISP), nominal burn time (NBT), chamber pressure, 
vehicle success over launch ratio (S/L), SRB failure over launch ratio · 
(SRB/F), and failure mode. 

b. Computerization of the SRB database: The data sets of SRB parameters 
and failure-launch records were loaded on the computer and the comput­
erization of the database was accomplished using a relational data structure 
that was implemented via DBase IV software. A simple field structure was 
also adapted in the construction of the SRB database to ensure quick and 
easy retrieval of data points. 

SRB DATA REVIEW AND ANALYSIS 

Toe main objectives of the data analysis using the SRB reliability database can 
be described as follows: 

a. summarize the SRB parametric data and failure data, 
b. identify systematic variations in the data sets, 
c. estimate SRB failure probability and uncertainty bounds for all categories of 

parametric data, 
d. test for a potential relationship between the SRB physical specifications and 

failure probability. 
SRB flight records, even though liinited, are useful for statistical analysis in 

revealing systematic variations among engineering variables in the data sets. In the 
process of data review, every piece of information was carefully examined to identify 
and extract the names and engineering parameters of the solid rockets. Specific 
attention bad been focussed on information about parameters used to define solid 
rocket types and applications. The launch-failure records at the vehicle level, stage 
level, as well as strap-on rockets were also completely reviewed to identify the SRB 
failure data. 
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The key data categories that were identified in ·the data review process as show­
ing a clear correlation between failure events and design parameters were: thrust, 
diameter, length, grossmass, nominal burn time (NBT), and chamber pressure. The 
data review has also resulted in defining different SRB types based on design param­
eter ranges. Since the available SRB infonnation contained in the AlAA report was 
collected from 10 different countries worldwide, the SRB types according to major 
engineering parameters were so diversified, and parameter ranges were so wide that 
a direct use of SRB data without proper classification will clearly not be useful. For 
instance, the solid rocket diameter in the data set ranges from 0.1 m to nearly 4.0 m 
and the chamber pressure ranges from 600 PSI to 1300 PSI. Therefore, it is nece­
ssary to classify (categorize) the SRB data set based on major engineering parameters 
into a few classes with each containing sufficient data points and manifesting homo­
geneity. 

Using descriptive statistical methods and the associated summary statistics for 
each of the key parameters, the data sets can be reduced ( or classified) into three or 
more SRB types. Among all the SRB engineering parameters established in the data­
base, seven were identified as key variables that would reveal any possible correla­
tions with SRB operational and risk characteristics. Statistical methods were applied 
to these data sets in order to identify systematic variations among engineering vari­
ables and their design reliability specifications. 

POINT ESTIMATE OF SRB FAILURE PROBABILITY AS A FUNCTION OF DE­
SIGN PARAMETERS 

One of the major objectives of data analysis using the SRB parametric and fail­
ure data sets was to identify possible systematic variations of failure probability in 
relation to changes of SRB design parameters and engineering properties. A straight 
forward approach to explore possible existing phenomena between SRB failure prob­
ability and the engineering parameters was to obtain point estimates of the failure 
probabilities and the associated uncertainties based on each parametric category of 
SRB data sets. Tb.is rudimentary but straightforward investigation was an important 
step in the first phase of our data analysis process. The results obtained from the 
point estimate within each SRB data class, along with corresponding failure probabil­
ity plots not only provided us with interesting comparisons, but also led us to apply 
more complex quantitative methods for determining the significance of relationships 
between SRB failures and governing design parameters. 

The point estimate, mean '>'.alues and associated 90% confidence bounds of fail­
ure probabilities were calculated within each of the key parametric data categories. 
A classical maximum likelihood estimator (MLE) based on the demand related fail­
ure model was used in the point estimate of SRB failure probabilities. Figure 1 and 
Figure 2 show the resulting point estimates of SRB failure probabilities and the asso­
ciated uncertainty bounds for some of the key parametric data categories. It is inter­
esting to note that among the key design parametric categories, the diameter and 
gross mass seem to manifest considerable positive correlations between increased 
parameter values and the corresponding SRB failure probabilities. However, it is 
equally important to understand that the limited number of data points within some 
of the parameter ranges resulted in large uncertainty intervals around the means. 
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Figure 1. SRB failure probability by diameter type. 

p 

1.oooe -0 , 
i: 
;. . 

i 

~ 
,.oooe-02 

1.000E-03 E 
I 
I 

... t.OOOE-04 
1000 

-
-

- ,-

--
\ l 

. ... ~ I..J U .1..1 . - .... . .. . ... . 
10000 100000 

Grossmass (Kg) 

Figure 2. SRB failure probability by type of grossmass. 

' 

·> Mean 

-
--

• 1. - · L .J...1...1-1 I 

100000 

OVERALL ESTIMATE OF SRB FAILURE PROBABILITY 

Although the point estimations of SRB probabilities, according to different pa­
rameter types were our primary focus, an overall SRB mean population failure prob­
ability estimate based on the entire data set was computed mainly for the purpose of 
comparison with the previous studies.3-' As a secondary objective we wanted to assess 
whether or not, in this reliability database, all the SRB failure data arise from the 
same homogeneous population. Therefore, some statistical test was needed to deter­
mine whether or not the SRB failure data collected by AIAA from different coun­
tries manifested homogeneity in the SRB population as a whole. 

Statistical Test on Data Pooling 

A chi-squared homogeneity statistical test was first performed to justify the pool­
ing of SRB failure and launch records from different countries. Because of the spar­
sity of SRB failure data, a proper chi-square test could not be performed based on 
the SRB sample data from the nine countries as a different population. Therefore, 
to insure the validity of such a chi-square test, we grouped the SRB failure data into 
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two major populations, namely the data from the USA and all other countries com­

bined. 
It is worth noting that in the process of performing the chi-square test, 25% of 

the cells have expected counts < 5. This implies that such a chi-square test may not 
be a valid test on the underlying 2x2 table. However, to avoid such weakness in the 
chi-square test, a Fisher's exact test of independence in 2x2 tables was performed to 
verify the test results. In performing Fisher's exact test, the row and column margins 
(marginal frequencies) in the 2x2 table (Table 1) were considered fixed, and the exact 
probability of every given configuration of frequencies were evaluated, which was the 
hypergeometric probability of every possible table. The Fisher's exact test yields a p 
value of 0. 714 indicating that the null hypothesis of independence between columns 
(SRB from the USA and others) and rows (SRB failures and launches) cannot be re-

jected. 

Table 1. Fisher's exact test table (table of outcome by country). 

Failure 
Launch 
Totals 

Other 

3 
277 
280 

Fishers Exact Test 
(Left) 
(Right) 
(2-Tail) 

Classical Estimation 

USA 

6 
725 
731 

P value 
0.781 
0.475 
0.714 

Totals 

9 
1002 
1011 

Based upon the test results described above, the overall estimate of SRB mean 
population failure probability using pooled data was performed by both classical and 
Bayesian approaches. The classical estimation method, namely, the maximum likeli­
hood estimate (MLE) and the confidence bounds based on the F distribution as des­
cribed earlier, was used. This resulted in a mean value of 8.982E-3 with a 90% con­
fidence interval of a lower 5th percentile at 4. 701E-3 and a higher 95th percentile at 
1.557E-2. The overall SRB failure probability estimated entirely based on the AIAA 
data source was fitted to a lognormal distribution. The estimated error factor was 

1.86. 

Bayesian Estimation 

Considering the sparsity and limited sources of SRB failure data, the Bayesian 
updating approach was a useful method for a more statistically sound estimation of 
the overall SRB failure probability determined by incorporating the results of a previ-
ous study. 

· In lieu of estimating the SRB overall failure probability using the Bayesian ap-
proach, the estimate of SRB failure probability reported in Reference 4 was used as 
prior distribution, which was lognormally distributed with a mean of 1. lE-2 and an 
error factor of 2.84. BNL's Bayesian updating software code, BA YES, was developed 
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for the calculations needed for this study . .s-o In this Bayesian updating process, a 
beta-binomial failure model was used to generate the parameters of the posterior dis­
tribution. Since the prior distribution was a single log-normal distribution, a conver­
sion from log-normal to a beta distribution was performed to use previously estimat­
ed result as a prior for Bayesian updating. This conversion was done by using the 
technique of matching the mean and variance of the two distributions. 

In developing the BNL Code "BA YES" and to calculate the parameters of the 
posterior distribution, BNL's SRB failure data evidence from the AIAA data source 
(i.e., k failures out of n SRB flights) was incorporated into the following updated 
mean E(p) and variance V(p) for the resulting posterior distribution: 

a+k 
E(p) = a+b+n 

( a+k) (b+n-k) 
Var(p) = --'-~...:......:...~~.:.-­

(a+b+n)2 (a +b+n+l) 

( 1 ) 

(2) 

It can be seen that after the evidence data are observed, the classical estimator 
of a failure probability, k/n, is updated by using the mean of posterior distribution. 
However, using the B1''L code "BA YES" based on the techniques described above, 
the updated final results of overall mean SRB population failure probability was 
consistent with the previous estimate, which was within a small margin of about 13% 
difference, with a mean value of 8.89E-3, lower 5th bound at 5.31E-3, upper 95th 
bound at l.37E-2 and a log-normal error factor at 1.67. Figure 3 shows the compari­
son of estimated overall SRB failure probability. 

?.$Of •Oa E::•;;:1itn;:;lt:,t0c:S:.:.:AB:..:.•.::•'":::.":_:P_::••:::••:::bl;;;.IIII:::" ~ --·- - • 
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Figure 3. Comparison of overall SRB failure probability. 

In order to identify correlations between failure frequency and engineering pa­
rameters, an effort was made to carefully review all the information throughout the 
AIAA report as well as the complete SRB database. However, some rudimentary in­
vestigation of the failure data and the parametric data indicated that some interesting 
relationships might exist between design parameters and the failure probability. 

To test this assumption in a statistically sound manner and to determine quanti­
tatively whether any correlation existed between the engineering variables and the 
failure probability, a set of straight plots of failure probability versus major engineer­
ing variables were developed. However, to quantify the magnitude of correlations 
and their statistical significance level, the K.ruskal-Wallis non-parametric test was 
used to identify the underlying hypothesis. These test results and findings led to 
some of the conclusions that are summarized below. 
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SUMMARY AND CONCLUSIONS 

1. Solid rocket booster mission failure probabilities were estimated in the following 
two ways: a) a point estimate of SRB failure probability as a function of design 
specifications, in which estimations were performed in accordance with key engi­
neering parametric data categories (This parameter-driven SRB failure probabil­
ity can be used for the purpose of risk and reliability evaluations at the SRB 
design stage), and b) the overall SRB mission failure probability using both 
classical and Bayesian updating estimation techniques. The statistical confir­
mation of overall SRB data pooling was further substantiated by a Fisher's exact 
test. Hence, the failure probability estimations were made by pooling failure 
data across all countries within the database. These estimated results showed 
consistency with the results from previous studies, which was within a small 
margin of about 13% difference. 

2. Correlations between SRB mission failure probability and the engineering pa­
rameters were identified based on results from point estimates as well as non­
parametric statistical tests. As a result, most major engineering parameters 
showed a general positive relationship with the SRB failure probability. Two out 
of the seven key engineering variables, i.e., diameter and gross mass, showed 
statistically significant correlations with the SRB mission failure probabilities. 
Moreover, systematic variations were found in the parametric and failure data 
sets using Spearman's rank correlation statistical test 

3. As a result, based on application of the SRB mission failure probability assess­
ment methodology established in this study, a procedure guide for SRB failure 
probability evaluations can be provided for the purpose of design reliability 
estimation based on SRB specifications. Considering the findings of the rela­
tionship between failure probability and engineering parameters, a 4-step prelim­
inary procedure guide was developed. 
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THE DEVEWPMENT OF RISK PROF1LES FOR SPACE 
AND MISSILE LAUNCH RANGE SAFETY DECISIONS' 

Lloyd L. Philipson' 

ACTA Inc. 
23430 Hawthorne Blvd 
Torrance, CA 90505 

INTRODUCTION 

Space and missile ranges in the United Swes characterize launch risk primarily by the expected 
number of casualties, or casualty expectation, Ee. that could result from launch failures. However, there 
has been a developing concern for specifically identifying any potential for "catastr0phic" numbers of . 
casualties given especially the increasing sizes of launch vehicles. Risk profiles that describe the probability 
of exceeding any possible casualty leyel resolve this concern. This paper briefly summarizes the methods 
that have been developed for deriving risk profiles for the several range hazards, and for their combination. 
The general risk profile derivation process is illustrated in Figure I . The development of the profile for a 
given mission and also the aggregation of mission profiles, e.g., over a year, 10 suppon annual risk 
management are indicated. The process is specialized for analyses of the three principal launch range 
hazards in the following sections. 
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Flgure 1. GencraJ risk profile derivation process. 

lThe investigations described in th.is paper were performed under the sponsorsb.ip of lhe U. S. Air Foree 30th and 45th Space W1Qgs. 
Stfecy Directorates, Contract No. F04703·91<:"-0l 12, but d:leir results arc neichc-r approved nor disapproved by the Air Force. 
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THE THREE RANGE HAZARD MODELS AND THEIR 
RISK PROFll,E DERIVATIONS 

The principal hazard models at the ranges address toxic, long-range blast, and debris ruizards. An 
essential requirement met by the new risk profile derivation procedures is that they do not penurb the 
primary computer programs that implement these models, but operate using input and output data of the 
primary programs in post-processing modes. A second requirement is that the mean value of the casualties 
distribution from which a risk profile derives should match as closely as possible the value of casualty 
expeccation produced by the primazy model. In two of the three hazards' risk profiles this is accomplished 
exactly; in one, the debris hazard, only approximately, but enhancements are under development [ I and 2]. 

Toxic Hazard 

The Launch Area Toxic Risk Analysis (LA TRA) program was developed to replace, with a 
comprebensive assessment of casualty risks, the former deterministic identification only of the areas in which 
the concentration or dose of a toxic effluent exceeds some acceptable scandard [3 and 4). LATRA's risk 
profile derivation procedures are: 

I. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

Prompt the user to enter or modify the input daca via menu options. The data files include the vebicle 
failure rates file, the rawinsonde meteorological profile, and the population library containing population 
counts or percencages by receptor area (population center), health category, and shelter type. 
Initiate a scenario with the occurrence of a particular accident mode (conflagration, deflagration) at a 
particular altitude in flight, with its corresponding probability. 
Monte Carlo relevant meteorological parameters' values to continue each scenario with a specific Monte 
Carlo case of these values, accounting for the correlations in them. 
Run a dispersion model with the accident and meteorological parameters selected as inputs to develop 
for each gjven toxic effluent the resulting distribution of concentrations versus time of the toxic material 
of concern across the set of exposed receptors. Model the concentrations that result in the interiors of 
several types of structures at the receptors. 
At each receptor and for each strucrure type apply an ellposure-response model to each population 
subgroup (at present, children, aged, bronchitics; healthy adults) with a particular level of susceptibility 
to health effects from the toxic material, and for each considered level of severity of such health effects. 
Derive thereby the probability of occurrence of at least each level of severity of effect for each 
subgroup. Figure 2 exhibits examples of the requisite exposure-response functions that have so far been 
developed. 

EXAMPLES OF PROBIT EXPOSURE-RESPONSE 
FUNCTIONS FOR N02 
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At each receptor, this probability is the parameter of a binomial distribution for the total number of 
individuals in the subgroup at the receptor who suffer at least that severity of effect. 
Convolve the binomials by adding their means and variances at the receptors to obtain the mean and 
variance of an ovcrall approximating normal distribution (based on the Central Limit Theorem) of the 
total number of all of the people suffering some severity of effect. (Alternative means for obtaining 
the convolutions can be applied when the population sizes and exposures are such that the normal 
approximation is not satisfactory.) 
A distribution has now been derived for the number of casualties for each subgroup/severity and for 
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the total population for lhe scenario lhat began wilh a panicular accident mode, vehicle altitude, and 
case of meteorological parameter values. Aggregate lhese distributions over lhe scenarios by 
discretizing lhem and lhen adding lheir frequencies in each discrete interval weighted by the 
probabilities of occurrence of lhe scenarios . The results are aggregated discrete distributions for lhe 
mission. Toe weighted sum of lhe means of lhe scenarios. i.e., lhe mean of each mission distribution, 
is the mission Ee for each subgroup/severity and overall. 

9. Derive a risk profile for the mission for each subgroup/severity and for the overall population from the 
corresponding distributions by computing for each given number of casualties the sum of the 
probabilities of all numbers of casualties equal to or greater than the given number. 

10. Toe effects of multiple toxic exposures from a given launch accident can be expressed in combined risk 
profiles. These are calculated by developing joint probabilities of effect from the individual toxics' 
probabilities of effect, assuming their independence. This assumption is probably conservative because 
of the high level of correlation that can be expected among the individual toxic exposures. However, 
it uegleas any possible synergistic effects of the multiple exposures. The joint probabilities of effect 
are applied to the population categories and the resulting casualty distributions and risk profiles are 
generated as before. 

The foregoing procedures have been implemented and risk profiles produced, including those for 
the September 25, 1992, Titan II Mars Observer launch at the Eastern Range. Examples are shown in 
Figure 3. These and all subsequent risk profiles should be considered illustrative only. Toe profiles exhibit 
the probability per launch of any possible number of children, aged, and bronchitics, or of healthy adults, 
suffering at least a mild effect from nitrOgen dioxide (NO,) and hydrogen cbloride (HC,), for one-hour 
exposures to time-averaged concentrations. Toe expected numbers of people in each subpopulation and 
overall who suffer an effect (i.e., at least mild) are the Ee values shown. 
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Blast Hazard 

The long-range blast risk from a launch is estimated with the BLASTX program [5]. The inputs 
to BLASTX are an estimation (that can be treated parametrically) of the potential ell])losive yield from a 
detonation occurring with a given probability in an accident on the pad or early in a launch; the predicted 
atmospheric conditions relevant to the propagation of the blast effects from such a detonation; the locations 
of the population centers that the effects may reach; the numbers of structures of various types within each 
population center; the numbers of windows of each of several size and strength classes in the smictures; and 
the expected number of people in each structure during the daytime or at night, depending on when the 
launch is to take place. 

Effects scenarios are defined by means of Monte Carlo sampling of the possible accident explosive 
yields, and atmospheric conditions. Ray-tr1leing is used to analyze the propagation of the blast effects for 
each sample. BLASTX predicts the static and dynamic overpressures on the windows in the structure of each 
type at each location and applies a breakage model to estimate the probability each window will break, and 
then computes the total expected number that will break. The overpressure prediction takes into account the 
possible focusing of the rays into caustics with overpressure eXtremes. 

Toe sum of the expected numbers of breaking windows over the Monte Carlo samples, weighted 
by the samples' probabilities of occurrence and the probability of occurrence of the initial explosion and 
yield, is then the total expected n'!tDber of breaking windows from the launch. Casualty modeling is based 
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on assuming that the individuals in each structure are exposed to each window in the same proponion that 
a window's casualty area is to the strucrure's total floor area. The casualty area is modeled so as to take 
into account the overpressure on the window and the room size as well as the class of the window. It is 
assumed that an individual in such an area will be a casualty, caused by a glass fragment, if the window 
breaks. Different severities are treated. 

In the derivation of blast risk profiles the windows are categorized in eacb scenario so that each 
category has a ccmmon probability of brea!cing and a ccmmon ccnditional expected number of C¥ualties 
given a break. Then a binomial distribution applies for the number of windows that break in each category 
and (from the Central Limit Theorem) an approximate nonnal distribution applies overall. An additional 
assumption generally enables the application of a Poisson approximation to the number of casualties in each 
scenario. 

I. Toe main routine (BLASTI() Monte Carlo samples many possible cases, or scenarios, of atmospheric 
ccnditions in modeling the long range blast effects ·of a launch failure and explosion. The failure and 
explosive yield may be accounted for probabilistically in the scenarios, or as given ccnditions with a 
specified probability of occurrence. 

2. For each case, the number of windows in each category of windows is determined. Since the windows 
in a category all have the same probability of breaking, and are assumed to break independently, the 
number of windows that, in fact, break in a category is binomially distributed. The sum over the 
categories of the numbers of brealdng windows is then approximately nonnal. 

3. Toe sum normal distribution obtained in this way for each scenario is discretized, the discrete 
distributions are aggregated over the scenarios, and a risk profile for the number of breaking windows 
is derived from the final distribution as was described for LA TRA. 

4. The approximate risk profile for the number of casualties caused by the breaking windows is derived 
as follows. In most cases of interest, the expected number of individuals in any window's casualty 
area, obtained before, is small. Hence it is assumed to be approximately equal 10· the probability that 
exactly one individual is in the casualty area. Since the windows in a given category have the same 
expected number of individuals in their casualty areas, they have the same probability of one individual. 
The number of casualties for the category is assumed to be binomially distributed with parameter equal • 
to that of the number of breaking windows times this probability. A Poisson approximation generally 
applies for each category's casualties and so over all of the categories for a scenario. 

5. The scenarios' distributions are aggregated to a fiJla1 distribution and the casualty risk profile is gener: 
ated as before. 

Figures 4 and 5 are window breakage and total casualties profiles for the Mars Observer launch with 
their corresponding Ew and Ee values, respectively. Different casualty severities are assumed to be 45 % 
Mild, 50% Significant, and 5% Fatal of the total. 
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The debris risk in a launch is estimated with the Launch Risk Analysis (LARA) program [6). Its 
inputs essentially include the estimated probabilities of occurrence of different failure modes for a launch 
vehicle during a ~uence of time intervals from launch until it is no longer hazardous 10 people on the 
ground; the ccunts ;ind characteristics of the fragments of a number of fragmtn1 groups modeled as occurring 
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at a given time and due to a given failure mode; the wind and other atmospheric conditions versus altitude 
predicted for the time of launch which affect the fragments' aerodyruunics; and the locations, areas, and 
populations of populalion cenurs that could be impacted by the group's fragments. The failure modes 
include on-trajectory thrust termination causes, and causes of malfunction rums in different directions. The 
vehicle may then breakup due to aerodynamic stresses or it may be destroyed by command from the ground 
or, for some vehicles, automatically by a self-contained destruct system. The fragment groups are defined 
so that the fragments in a given group have, given the predicted atmospheric conditions, the same bivariate 
normal probability distribution for their possible impact locations on the ground, and (taking into account 
whether the groups' fragments are explosive or inen) the satne areas in which casualties will occur if an 
impact occurs within (or, for explosive fragments, sufficiently near to) a population center . The population 
centers (individual suuctures or areas containing many suucrures and outdoor regions) are defined so that 
their populations can reasonably be assumed to be uniformly distributed. The population of a center is 

· divided into subpopulations in several levels of sheltering and so vulnerabilities to the fragments of the 
different groups. 

LARA then computes, conditional on the occurrence of a given·failure mode at a given time, or 
scenario, the probability of impact of the fragments of each group on each population center (determined by 
the location and area of the center in relation to the impact distribution, with some variations for explosive 
fragments), and the expected number of casualties at each center from the fragments of each group. Toe 
principal outputs are the compound probabilities for the launch that each center, and also at least one center 
overall, will be impacted by at least one fragment, and the expected number of casualties at each center and 
overall. The separation of casualties into significant injuries and fatalities llas been established. The initial 
assumption is that of an equal allocation to each injury level. 

Inert Debris. The development of inen debris risk profiles is fundatnentally more difficult than 
that of toxic and blast risk profiles. While the impact locations of fragments are imperfectly but reasonably 
assumed in LARA to be independent, the distributions of the number of impacts of fragments on centers are 
Mt independeru. If a fragment impacts one center, it is not available 10 impact any other center. A complete 
calculation of the number of casualties would take this into account in a correlated convolution over the 
centers to obtain the distribution of the total number of casualties. This is not computationally feasible given 
the large numbers of fragments (20 to 30 groups averaging perhaps 20 fragments each) and centers (generally 
several hundred). 

Thus, a basically different approach has been taken to the derivation of inert debris risk profiles (I 
and 2]. It extends the scenarios initiated by the occurrence of panicular failure modes at panicular times 
and the resulting generation of specified sets of fragmait groups, to the causation of panicular murually 
exclusive partitions of the fragments on the centers (including a "miss center" to wnich are allocated all those 
fragments in a given partition that miss all population centers). These partitions are referred to as ~owns. 

I. For a given scenario, the combinatorial probability of each possible lay-down is calculated. Toe 
number of casualties caused by each lay-down is the sum over the population centers of the numbers 
of casualties caused at the centers by the lay-down's specific fragment impacts. (The possibility of 
multiple fragment hazard areas overlapping at a given center and thereby resulting in less than the sum 
of the casualties over the fragments is ignored conservatively in LARA. This is a negligible error for 
inen fragments.) Since the lay-downs are mUIUally exclusive, each one terminates a murually exclusive 
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sub-scenario. In principle, it is then easy to aggregate all the sub-scenarios in all the scenarios to 
produce a distribution for the total number of casualties. In practice, however, the number of lay­
downs, and so sub-scenarios, can be astronomical and their complete evaluation computationally 
infeasible. Thus, approximations based on limiting the number of lay-downs that need to be considered 
have been developed. Toe simplest involves the limitation to a total of two impacts on centers. As will 
be seen in an example, this has been only partially successful because, while the probabilities of 
individual lay-downs with more impacts are indeed very small , their number can be very large so that 
in total they can still be significant to the risk. 

2. For each scenario, the probabilities of occurrence and (conditional expected) numbers of casualties are 
computed for all the murually exclusive lay-downs considered. 

3. Aggregating these for each scenario, and then over the scenarios with the scenarios• probabilities as 
weights, gives the casualties probability distribution for the launch, from which the risk profile is 
derived. Because of the limitation of the number of fragment impacts considered, the Ee derived from 
the risk profile is of course less than the complete value directly calculated by LARA (in which only 
the expected numbers of fragment impacts on centers and the corresponding expected numbers of 
casualties are treated). So the derived risk profile also falls short of the ideally complete one for the 
launch. As an interim measure, the contribution of the neglected possible impacts to the risk profile 
is approximated by simply scaling the calculated probabilities in the final casualties distribution by the 
ratio of the LARA~culated Ee to that calculated from the distribution. 

Explosive Debris. Impacts of explosive fragments can be outside population centers and still cause 
casualties within them, and several centers can be affected by a single impact and explosion. Consequently, 
the lay-down procedure employed for inert fragments is not applicable. However, there are many fewer 
explosive fragments than inert fragments. A Monte Carlo procedure can be employed which enables 
explosive debris risk profiles and also a superior computation of explosive debris Ee than is presently 
implemented on-line (with the restrictions this entails) in LARA. Toe procedure as follows: 

1. For each LARA scenario (failure mode and time), Monte Carlo the LARA-generated impact loeation 
distributions for the fragments of each of che explosive fragment groups to derive a sample of the 
impact locations of all of the fragments. 

2. Decompose each population center into a set of cells to enhance che fidelity of che computation of 
explosive effects at the center: (This has not been done for che computations in this paper; only entire 
centers are considered.) 

3. For each fragment impact and its explosive yield (defined by che scenario and group), compute the 
distance to each cell and then, using che standard Kingery-BRL formulation, the explosion overpressure 
at the cell. Calculate the probability that an individual within a given category shelter exposed to this 
overpressure will be a casualty at a given level of severity. 

4. For each cell, and each shelter category. combine che probabilities of casualty.µ che severity level from 
all the impacts in che sample. Multiply che combined probability by che population in the cell and 
shelter category and then add over all the cells and shelter categories to get che total (conditional 
expected) number of casualties for each severity level in the sample. 

5. Repeat che sampling many times and derive a histogram for che frequency of each possible number of 
casualties at each severity in che scenario. Normalize the frequencies to probabilities by dividing by 
sample size. · 

6. Aggregate all the resulting scenarios' distributions, weighted by the scenarios' probabilities, to obtain 
the casualty distnl>ution for the launch for each severity level and overall, and derive the corresponding 
Ee values and risk profiles as before. 

Combined Debris. Toe total launch risk profile for all debris initially is obtained by convolving 
che two individual distributions for the inen and explosive debris and deriving the profile from the result. 
This is mechanized employing Fast Fourier transforms. Fidelity will be improved in the furure by 
performing che convolution for each scenario before aggregating over the scenarios, to take into aca>unt the 
correlation of the two classes of fragments in each scenario. Figure 6 shows combined debris risk profiles 
for che Mars Observer launch. 

Combination or Hazards 

Given the casualty distribution for a given level of severity for each hazard, the convolution of che 
chrce distributions to obtain the total mission risk profile for each level of severity is straightforward. (When 
an individual distribution is for • at least a given level of severity,• the distribution for aactly that level is 
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derived first.) The combination is accomplished by first convolving the distributions for two of the hazards 
and then convolving the result with the distribution for the third hazard. As for combined debris, noted 
above, ultimately this will be done for each scenario, prior 10 aggregating over the scenarios, in order to 
reflect the effects of the correlation of the different hazards in a given scenario (failure mode and time). Al 
present this is done only after the aggregation over the scenarios. 

Examples of combined all-hazards risk profiles an, shown in Figure 7. The profile for mild injuries 
is dominated by the toxic hazard; the blast hazard dominates the profiles for significant injuries and fatalities. 
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CONCLUSIONS 

Generally satisfactory procedures have been established for the derivation of risk profiles for the 
toxic and blast hazards and for the hazard from explosive debris in range operations. They meet the 
requirements of implementation as post-processing routines in relation to the primary hazard analysis 
programs, and of matching the value of casualty expectation produced by these programs. Procedures for 
combining the rislcs from the several hazards and deriving the associated overall mission risk profiles have 
also been developed and implemented. However, there remain certain needs for improvement. 

The derivation of inen debris hazard risk profiles presents special difficulties. The number of lay. 
downs required to be evaluated to ensure a close appro>timation to the true risk profile is overwhelming in 
most cases of interest. However, procedures have been defined for the prior deletion of fragment groups 
and population centers which cannot contribute significantly to total risk, thereby diminishing the number 
of lay-<lowns needed to be evaluated. The smaller remaining number will permit the practical evaluation of 
more complete sets of lay-downs than those with only the two fragment impacts on centers so far treated. 

For blast risk profiles, cases of larger numbers of exposed individuals for windows of special types 
need to be treated. 

Lastly, to enable the combination of the rislcs for different levels of severity of effect, relative 
imponance weights for the different levels need to be established through discussion and resolution with 
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RISK ASSESSMENT FRAMEWORK FOR THE CASSINI PLANETARY MISSION 

Sergio B. Guarro' and Bruce Bream' 

'The Aerospace Corporation, P.O. Box 92957. Los Angeles. CA 90009-2957 
'NASA Lewis Research Center, 21000 Brookpark Road. Cleveland. OH 44135 

Introduction and Acknowledgments 

The Cassini mission is scheduled to send an unmanned spacecraft to the planet Saturn in J 997' . 
Because the spacecraft will be travelling in pans of the solar system where solar radiation is low in intensity, 
the electric power generation function will be entrusted to a nuclear Radioisotope Thermoelectric Generator 
(RTG) system, including three generators. 

The presence of radioactive material on board requires the mission 10 undergo a thorough risk 
assessment and risk review process, culminating in mission approval to be granted at the presidential executive 
office level. Responsibilty for carrying out the mission risk assessment is shared among several Government 
and contractor organizations, with the NASA Lewis Research Center leading the space vehicle system portion 
of the assessment and the U.S. Department of Energy (DoE) reserving responsibility for the assessment of the 
potential consequences of a radiological release accident. This paper describes the risk assessment framework 
and process that is being developed to produce accident scenario accident definitions and probabilities that 
NASA will provide to DoE as input to the consequence assessment process. ln the presentation of this 
framework, the authors wish to acknowledge the contributions made to the whole Cassini risk assessment 
effort by the representatives of other organizations, including NASA Headquarters, the Air Force Space & 
Missile Systems Center, the Jet Propulsion Laboratory, Martin Marietta, and General Dynamics. 

Cassini PRA Framework 

The progression of a typical launch vehicle accid~nt sequence can be envisioned as being initiated 
at the lowest functional level by the failure of a specific mechanical part, electronic part or software 
subfunction. The initiating failure then propagates more or less rapidly, depending on the nature of the failure 
itself, up the functional hierarchy of the launch vehicle system, until it becomes manifest as a vehicle 
malfunction. i.e., as a serious departure from the nominal mission of the vehicle. Once a serious vehicle level 
malfunction occurs, and its nature is such that no recovery to a nominal mission is possible, the objective of 
the mission control function shifts into a safety protection and damage containment mode. The execution of 
these latter functions is entrusted to the Flight Termination System (FTS) design. The functionality of the 
FTS, which is typically composed of an automated ponion and of a "man-in-the-loop" portion, consists of a 
malfunction detection subfunction and of a vehicle-destruct subfunction. Almost every possible type of 
unrecoverable vehicle malfunction results in the FTS-cxecuted destruct of the launch vehicle and of the 
payload that it carries. Intentionally destructing the vehicle in flight assures that no life-threatening large 
pieces of hardware or large quantities of propellant fall back on earth and on populated areas. 

A top-level view of the PRA modeling framework designed to best reflect the features of a typical 
Cassini mission accident sequence is represented in Figure I. In this framework. three successive layers of 
accident sequence "pinch points" arc identified above the level of initiating basic failures, namely: 

the AIC (Accident Initial Condition) layer, 
the AOC (Accident Outcome Condition) layer, and 
the RSE (RTG Sequence Endpoint) layer. 
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Figure I: Top-View ofCassini PRA Models Framework 

The definitions of the event types that arc used as pinch poinis are as follows: 
An AlC is the first manifestation, detectable at the launch-vehicle and/or spacecraft system level. of 

a serious malfunction that is intiating an RTG accident sequence. 
An AOC is the first event in an RTG accident sequence w~jch has the capability of producing a 

harmful effect on one of the RTGs, that is. any kind of highly energetic interaction between an RTG and the 
LY/Spacecraft system or the external environment. 

An RSE is the final event of an RTG accident sequence. that is, the e vent by which the RTG receives 
the last potentially damaging interaction from any outside element (including L V or Spacecraft elements) and 
thereupon comes to rest in a state no longer subject to further damaging threats. 

The pinch point layers in the PRA framework arc intended to logically guide the modeling process 
through the steps of a typical accident progression, as defined in the brief discussion given at the beginning 
of the section. lt should be noted that an AlC is not the lowest-level initiating cause of an accident sequence, 
as this role is played by the basic pan-level failure events that themselves cause the AlC to occur. These 
events arc identified in the lowest layer of the PRA framework depicted in Figure I, under the denomination 
of BIEs (Basic Initiating Events). Thus, in the overall framework. BIEs will be used to identify the root-level 
causes of system malfunctions which. in turn, will be described by A!Cs. Once an AlCs has been identified. 
analysis o f the ensuing sequence possibilities will allow the identification of the different types of AOCs that 
may result. The AOCs will usually correspond 10 a higl!ly energetic event, such as an FTS execution, or a 
propellant explosion, or a direct impact of the RTG with some other body or structure. A continuation of the 
sequence analysis beyond the AOC identification will finally determine whether other RTG-damaging 
interactions (or -insults," as they arc often referred to) may follow the AOC itself, and by what sequence of 
events the RTG may come to rest and reach a stable RSE. 

Details of Cassia! PRA Models 

Figure 2 illustrates the combination of models used in the Cassini framework and the fashion in which 
they arc connected together to provide the desired identification and description of typical space-vehicle and 
RTG accident sequences The lowest level of models is constituted of fault trees structures that show how 
BIEs (i.e., single failures or combination of fai lures of basic vehicle parts or components) can cause the fai lure 
of space-vehicle systems and the occurrence of an AIC. Because dynamic phenomenological effects are not 
expected to play a s ignificant role in the propagation of failures from the basic BIE to the AIC system level. 
the static representation provided by fault trees is well suited for this portion of the Cassini sequence modeling. 
Once the fault tree models connecting AlCs to the underlying BIEs are in place, the next two levels of 
modeling require the analyst to connect AIC events with the resulting AOC events, and the AOCs with the 
resulting RSEs. Because the phenomenology associated with these portions of the accident sequences is highly 
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dynamic, event sequence diagrams arc the specific type of modeling structures selected for this ponion of lhe 
modeling. For the sake of clarity. the example represented in Figure 2 is considerably.simplified, in tams 
of the amount of detail carried out in the models, with respect to the models that are being actually used in 
the Cassini PRA. Nevenheless, it is representative of the type of information that the Cassini PRA models 
produce and contain, and of the model logic structure that needs to be quantified in the probability assessment 
and analysis stage of the PRA process. 

In the actual order of execution of the modeling activities. before the detailed modeling required IO 

construct fault treeS and event sequence diagrams is sraned, lhe Cassini modeling framework is set up by lhe 
construction of Master Logic Diagrams (Ml.I)$) at lhe AIC and AOC event level. The MLDs provide an 
initial reference frame and reference set of AIC and AOC "pinch points," covering lhe anticipated span of 
possible AIC and AOC events, which is used as a guide for the derivation of the event sequence di"8)"ilDS and 
fault trees analysis and assufflo that the set of AlC and AOC events that will be covered in detail in the event 
sequence diagram models corresponds to a ·complete" sec Thus, the set of AIC events deductively defined 
by the AIC MLD represents all the physically possible AICs that can be identified according to the engineering 
knowledge of the Titan/Centaur/Cassini space vehicle that the analyst has access to. Similarly, the AOC MI.D 
defines the spectrum of potentially damaging first interactions !hat can possibly take place during an accident 
sequence betwi,en the space vehicle syStem and the RTG. The deductive definition of AIC and AOC pinch 
points obtained via the derivation of the MLDs provides the analyst with a better assurance of completeness 
in the derivation of lhe Cassini accident scenarios lhan would be obtained if the identification of AOCs were 
left to the process of inductive accident sequence identification from AlC events onward to AOCs and RSEs. 
Figures 3 and 4 show the structure of lhe preliminary MI.Os developed for the Cassini PRA 

Relation of the Cassini Framework to Traditional PRA 

The Cassini PRA framework is fully consistent wilh lhe established practices of the PRA 
melhodology'. inc luding some of the concepts first introduced in nuclear power plant PRA by the ··NUR£G. 
1150" Study'. Because lhe nature of space system accident sequences obviously differs from that of nuclear 
plant core-melt sequences. certain variations and adaptations bad, however. to be introduced with respect to 
the modeling techniques adopted for the latter. 

The points of analogy arc easily identified. In lhe Cassini framework, A!Cs correspond to the 
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"initiating events" of nuclear power plant PRA.s. which are often funher analiied to identify their tow-level 
underlying caus,,s by means of faul t trees, just like AICs are analyzed in the Cassini approach to relate them 
to the underlying BIEs. AIC-to-AOC sequences arc analogous to initiating-event-to-core-melt sequences~ 
which in nuclear plant PRAs are also modelled by means of event sequence diagrams (or their close relatives. 
the event trees). Finally, AOC-to-RSE sequences are the equivalent of core-melt-to-containment-failure 
sequences, which nuclear plant "Level 2" PRA such as NUREG-1150 also model with event sequence 
diagrams and/or event trees. 

The main differences between the nuclear PRAs and the Cassini approach are dictllted by the different 
nature of the accident sequences of interest. A space vehicle fai lure can produce a ,·ariety of outcomes. In 
fact the result of a system level malfunction can be. from the space vehicle point of view, a spontaneous 
break-up followed by an automatic self-<iestruct. a s,,lf-destruct commanded via radio by the mission control 
center, or various types of liquid tank or solid propellant explosions. Self destructs or spontllneous propellant 
explosions can also differ considerably among themselves. because of the physical configuration changes the 
vehicle itself undergoes as Stllges are being consumed and s,,parated from the active portion of the vehicle. 
The variety of the types of AOCs that are possible explains the necessity o f constructing. as we have explained 
in the preceding section, an AOC MLD before the actuaJ sequences are dcri"ed. similarly to what is done for 
the AICs. This is unlike nuclear plant PRAs. where only one initiating event MLD (i.e., the equivaJent of the 
Cas.sini AIC MLD) is usually derived. In such PRA.s in fac1 there is no need to derive an "outcome event'" 
MLD. since all sequences that start with an "initiating evenC end into the same "outcome·· pinch point, i.e. 
core•mclt (unless of course they reven to a safe outcome not invol1,·ing plant damage}. 

Overview or the QuantilkJltion and Bayesian Updating Process 

The q uantification of the Cassini PRA models, to anive at the estimation of the expected per-mission 
frequency of the various accident sequences of interest, makes use of a weighted-likelihood Bayesian 
estimation of AIC frequencies and of a combination of conditional probability data. analysis and expert­
judgment to quantify even, sequence diagram split-fractions in the A.IC-to-AOC and AOC-to-RSE event 
sequences. All event frequencies and conditional probabilities are express,,d as d isiributions. 10 realistically 
represent the inherent uncenainty that ex.is.ts with respect lO their acrual value. 

The process adopted for the quantification of AIC event probabilities and A.IC-to-AOC sequence 
probabilities is illustrated in Figure S. 
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Figure 5: Cassini PRA Model Quantification Scheme 
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At the lowest level of the BIE-to-AIC fault tree model suucturcs, BIE probabilities are typical!)' 
expressed by exponential fonnulas of the type 

(I) p8,. = I - exp (-kAt) , 

where t is the mission elapsed time, A is the failure rate characterizing the failure mode(s) of the hardware 
represented in the BIE when operating in non-Oight conditions. and k is a failure-rate-multiplying factor which. 
in the established reliability modeling practice of the aerospace industry, represents the negative effect of the 
severe flight e nvironment (e.g .. high vibration and thennal stress effects) on the mechanical and e lecoical parts 
of a space vehicle. Although not explicitly indicated in eqn. l , k itself is a function of mission elapsed time, 
which can usually be represented as a series of step functions as the "environmental stress" goes up in vehicle 
boost phases and decreases in coast phases. 

In the Cassini quantification scheme, prior st.ate-of-knowledge distributions arc constructed, mostly 
on the basis of FMEA (Failure Mode and Effect Analysis) generic fai lure data, for the k and A tenns appearing 
in eqn. I. If no specific test data exists for the components or subsystems that appear in a BIE-10-AIC fault 
tree, Monte Carlo or Latin Hypercube techniques are used to directly obtain the prior State-of-knowledge 
distribution of the expected frequency of the AIC top-event for that fault tree. After this is done, a Bayesian 
weighted-likelihood updating process is applied to combine this prior disoibution with the Titan-Centaur flight 
history evidence and obtain a posterior updated discribution for that frequency. If component or syStem level 
teSt data arc available on certain e lements of the vehicle, the just described process is modified and segmented 
as the illustration in Figure S indicates, to construct intermediate priors for the components or subsystems for 
which the test data is available. This makes possible to conduct an intennediate updating with the data 
existing for these components or subsystems and obtain for them ''imermediate posteriors", which are then 
combined by Monte Carlo / Latin Hypercube operacion with the priors of the other elements of the vehicle, 
before conducting the final AIC-level Bayesian updating operation as already has been described above. 

As should be apparent from the description of the overall Cassini PRA model suuctures given in the 
preceding .sections, AIC probabilities must be multiplied by AOC and RSE conditional probabilities in order 
to produce estimations of the frequency discributions of the AOCs themselves and of the various accidcnc 
scenario categories of interest for radiological consequence estimations. The unconditional frequency (per 
mission) of the i-th AOC is calculated according to the fonnulation: 

(2). P,oc; = 1 (PAJC; P,oc11«; ) 
J 

In eqn. 2, the p,.,c , terms are the result of the AIC frequency estimation process just described above, 
whereas the p ,.OCi l AICi terms, representing the conditional probability of a generic AOC given that a generic 
AIC has occurred, are the result of the quantification of the AIC-10-AOC event sequence dlagrarn models, and 
as such are obtained via the quantification of the split-fraction probability terms that are associated with each 
of the branch points that appear on those models. Although a few of these probability values are known from 
reliability engineering dalabases (e.g., the probability that the vehicle desuuct system will not function, given 
that the mission control officer has issued a desuuct command), most of them depend on the highly dynamic · 
phenomenological circumstances and boundary conditions that are modelled in the AIC-to-AOC event 
sequence diagrams. Thus, an expen elicitation process ,will be employed to derive state-of-knowledge 
probability discributions for each of the diagram branch points and these discributions will be combined via 
the appropriate Monte Carlo / Latin Hypercub e operations to obtain the PAOC,, AJC; terms of eqn. 2. A 
completely analogous procedure applies to the AOC-10-RSE diagrams and to the formulation of the accident 
scenario probabilities that are of interest for the estimation of radiological consequences by DoE. 

Discussion or the Weighted LikelUtood Approach 

lbe limited number of acwal flights perfonned in any one specific design or mission configuration 
is often cited as a problem in malting use of flight.history in risk or reliability assessment for space vehicles. 
The weighted likelihood approach was developed at the Aerospace Corporation specifically 10 address this 
issue and allow the use of historical data in the scenario frequency estimation of the Cassini risk assessment. 

The weighted likelihood approach concept takes advantage of the fact that, even when flight data for 
exactly the vehicle and mission configuration of interest are not available, usually there exists recorded flight 
history for other types of vehicles having varying degrees of similarity with iL In the use of the Bayesian 
updating process for the esti~ation of the discribution of the e><pected frequency of a certain type of event 
(e.g., a parucular accident initiating event), the likelihood function expresses the conditional probability of 
seeing the evidence which is being used to update the prior discribution of the event frequency parameter. 
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given the prior knowledge of the frequency parameter, and as a function of the possible values of the 
frequency parameter itSelf. If the evidence is fully applicable to the assessment of lhe parameter of interest. 
an appropriate form can be readily assumed for lhe likelihood function. For example. assume lhat we had lhe 
benefit of recording N flight missions exactly like Cassini (i.e .. using the same Titan/Ccntaurc/Spacecrait 
design and configuration, and the same mission profile). wilh n observed occurrences of EvenJ X. Then the 
appropriate "total applicabili<y likelihood function:· Lr, for the representation of the evidence ··n X-events in 
N trials," as a function of the pcr-Cassini-trial frequency of Event X. fx, would be lhe binomial function. i.e.: 

(3) Lr = N! fin! (N-n)!J fx' (I - fx \"'' 

Under normal circumstances, however, we would not have a relatively high number of trials for 
designs and configurations exactly like Cassini, but would have trials and outcomes for somewhat different 
vehicle designs and missions. Thus. to identify lhe appropriate form of the likelihood of such a <ypc of 
evidence in relation to the Cassini Event X frequency estimation. we would be in the position of having to 
estimate the probability of evidence corresponding to "non-Cassini trials," based on lhe knowledge of the prior 
frequency of Event X for Cassini trials. If there were no relationship beiween the two types of trials. i.e .. if 
the non-Cassini evidence had "zero applicability'' to the Cassin.i trial frequency problem, the Cassini "zero 
applicability likelihood function." I.,,. for the non-Cassini evidence would be simply a constant. reflecting the 
fact that knowledge of the Cassini Event X frequency would make no outcome of lhe non-Cassini trials to 
appear any more likely than another. The weighted likelihood approach is based on the recognition lhat the 
typical real situation under which.evidence is gathered and applied is one of "partial applicability." i.e .. a 
situation in which the evidence from designs and missions having some degree of similarity with the one of 
interest, is used to make predictions for lhe latter. Under these typical circumstances, it is assumed that the 
likelihood can be taken to be a weighted product of the two extreme forms •• i.e., "z,:ro applicability .. and 
.. total applicability .. -- of the likelihood function. i.e.: 

(4) L = L( 4 1
·• = f,- (1 - fx )"'"·"' • 

where w is a fractional weight (between O and 1) assigned by the assessor to signify the .. degree of 
applicability .. of the non-Cassini evidence to the Cassini Event X frequency estimation problem. 

In essence. the weighted likelihood approach seeks to address a difficult issue of data assessment 
explicitly and from a rationally justifiable perspective. Presently, for its application, the assessor is asked 10 
use hislber engineering judgment in the assignment of the likelihood weight values (although in principle it 
could codified into .. objective" procedures). 

Status or the Assessment and P~llminary Results 

In the current progress of lhe Cassini risk assessment activities, the MLD. fault tree and event 
sequence diagram models are being derived for the Safety Analysis Report (SAR) version of the assessment. 
An earlier and preliminary version of the assessment was executed to satisfy the mission Environmental Impacl 
Statement (EIS) requirements'. In that veruon of the assessment only four accident scenarios, considered 10 
be an approxima~ superset and summary of all possible scenarios. were considered and quantified. Because 
of the simplified nature of the EIS scenario assessment. it was not deemed necessary 10 include in it event 
sequence diagram models. Thus all vehicle B!Es were mapped directly into the four selected accident 
scenarios, which were then quantified by application of the weighted likelihood methods in a fashion closely 
resembling lhe scheme illustrated in Figure 5 for the quantification of BIE-10-AIC fault trees. 

Table 1 presents the mean and key percentiles (5th, median and 95th) of the per-mission frequencies 
obtained for the four scenarios, as well as the corresponding values of the overall mission failure frequency. 
The results of the SAR cycle of lhe assessment are expected to produce a tighter range of uncertainty (5th 10 

95th percentile) for this Ianer parameter. because of lhe more detailed and complete nature of the models and 
associated analyses !hat are being developed. 
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Table I : Cassini Risk Assessment Preliminary Results 
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RISKS AND ISSUES IN FffiE SAFETY ON THE SPACE STATION 

Roben Friedman 

Space Experiments Divisi0l1 
NASA Lewis Research Center 
C,leveland, Ohio 44135 

INTRODUCTION 

A fire in the inhabited portion of a spacecraft is a greatly feared hazard, but fire protec­
tion in space operations is complicated by two factors. First, the spacecraft cabin is an 
enclosed volume, which limits the resources for fire fighting and the options for crew 
escape. Second, an orbiting spacecraft experiences a balance of forces, creating a near-zero­
gravity (microgravity) environment that profoundly affects the characteristics of fire initia­
tion, spread, and suppression. 

The current Shuttle Orbiter is protected by a fire-<letection and suppression system 
whose requirements are derived of necessity from accepted terrestrial and aircraft standards.' 
While experience has shown that Shuttle fire safety is adequate, designers recognize that 
improved systems to respond s~cally to microgravity fire characteristics are highly desir­
able. Innovative technology is particularly advisable for the Space Station, a forthcoming 
space community with a complex configuration and long-duration orbital missions, in which 
the effectiveness of current fire-protection systems is unpredictable. 

This paper briefly reviews the development of risk assessments to evaluate the probabi­
lities and conscquen~ of fire incidents in spacecraft It further discusses the important 
unresolved issues and needs for improved fire safety in the Space Station, including those 
of material selection, spacecraft atmospheres, fire detection, fire suppression, and post-fire 
restoration. 

RISK ASSESSMENTS FOR SPACECRAJ<, 

Historical Development 

Space systems are traditionally associated with the qualities of high reliability and 
safety. For missions prior to the present Shuttle, safety assessments were thorough but qua­
litative, based on analyses such as failure modes and effects.' Possible reasons for the slow­
ness to adopt quantitative methods include the doubt that the involved calculations are the 
best use of scarce labor and computer resources and the fear that quantitative methods offer 
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the appearance of knowledge where knowledge does not exist (F. Fendell, TRW, personal 
communication, Nov. 1991). Recently, however, interest has arisen, counter to the earlier 
skepticism, in the application of limited-scope probabilistic risk assessments (PRA) to space­
craft 

3 
In the past year, NASA has announced that a PRA will be conducted on the Shuttle 

systems to determine risk priorities and potential safety improvements.' 

Fire Hazards and the Space Station 

Previous space-field risk assessments usually had cursory treatments of fire hazards 
because of a belief that the probability of an internal fire is slight. Strict acceptance testing 
for onboard material selection ensured that very few, isolated flammable articles enter the 
spacecraft. In addition, experimental tests conducted under quiescent, low-gravity conditions 
in the Skylab space station indicated that fires spread very slowly in microgravity. 5 These 
assumptions are now shown to be optimistic even for the Shuttle, and they are certainly 
challenged by the increased fire-safety stresses anticipated in the operation of the Space 
Station. An initial safety review of the Space Station concept identified fire as a significant 
hazard among the major threats to the well-being of the station. 6 In the cited, comprehen­
sive study, four approaches to fire-threat reduction were proposed: design to preclude (fire 
prevention), design to control- (flammable isolation), protective devices (fire detection and 
suppression systems), and risk definition (minimum acceptance standards). For the risk 
definition, an optimization of risk, cost, and benefits established a realistic safety goal of a 
residual fire hazard that causes no injuries nor damage sufficient to suspend operations. 

The maturity of the designs for the Space Station now warrants additional quantitative 
risk assessments. A study by Fuller and Halverson (cited by Kaplan7), though only partially 
completed, examined the consequences of six fire-initiation scenarios: electrical shortS/over­
loads, water-electrolysis unit failures, oxygen leaks, chemical reactions, payload-experiment 
failures, and improper crew or ground-control actions. A second independent smdy, still in 
progress, utilizes a PRA approach to calculate event probabilities and process times from ini­
tiating scenarios (wire overheating, for example) through threats (heat, smoke, and toxins) 
to alleviating responses (extinguishment). 1 The study is the first to include microgravity fire 
experiments to provide information on fire characteristics, emissions, and time constants for 
validation of the resulting risk assessment. 

Operational Experience 

Minor breakdowns in human-crew space missions that could progress into fires are by 
no means rare. In Shuttle missions, documented anomalies include five "incidents", at least 
six smoke detector false alarms, and at least five smoke deteetor built-in-test failures.9 Thus, 
in 7969 hours of elapsed Shuttle mission time (data to October 1992), incidents have occur­
red on the average of once every 1600 hr of mission time. In the reported incidents, listed 
in Table l, the crew saw smoke and embers in the STS-28 mission and~ odors in 
the other missions. •o.t• All incidents were subsequently identified as the.uuodegradation 
events caused by failures of wires or electrical components. None cansed a smoke alarm 
to actuate. On STS-28, instrumentation did indicate a rise in smoke concentration, but the 
maximum concenttation was below the prescribed alarm setpoint The cited incidents never 
spread beyond the breakdown source, most likely a credit to the Shuttle material controls 
and the prompt circuit-isolating response of the crew. 

One may plausibly predict the same rate of fire-precursor incidents oa the Space Sta­
tion. One may also predict that the crew will be able to isolate the breakdown source initi-

. ally, with further control through fire-extinguisher use, if this becomes nee: ,y. Space 
Station fire protection is complicated, however, by the possibility of an incident occurring 
in an untended period, for example, between the assembly missions. The cmlwded station 
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Table L Shuttle Fire-Risk Experience. 

Mission Date Incident Result Response 

STS-o Apr. 1983 Wires fused near material processing No atmospheric No aJann 
unit; crew detected an odor contamination 

measured 

STS-28 Aug. 1989 Cable strain at coonecto< to tt:leprinter Smoke and panicle Circuit breaker did 
caused jnsulation failure and elecuical concentration not open; no alann 

short circuit; crew detected a few recorded 
embers and smoke 

STS-35 Dec. 1990 Overllealed resistor in digitll display No atmospheric No alarm 
unit; crew delected an odor contamination 

measured 

STS-40 June 1991 Refrigeraror-frecur fan motor failed; Attnosphcric coo- No alarm 

crew DOied an irritating odor taminatioo identi-
fied post-flight 

STS-50 June 1992 Elecuonic capacitor in negative body No aunospberic No alann 

pressure apparatus failed; crew delec- comamination 
ted an odor measured 

safety systems will be monitored remotely by the ground crews; and, upon an alarm, the 
operators will initiate the automated response cycle of electrical-power shutdown and sup­
pressant release in the affected zone. Since this is the only option even for the probable 
minor, non-fire incidents, an alarm in an untended period may unnecessarily waste suppres­
sant resources and possibly damage components. 

KEY ISSUES IN SP ACECRAFf FIRE SAFETY 

Material Flammability Criteria 

Pioneering tests conducted on the 197 4 Skylab space station showed that, for typical 
spacecraft materials in normal gravity where vigorous, buoyancy-induced convective flows 
are always present, flame-spread rates are 1.5 to 10 times greater than those in quiescent, 
microgravity conditions.s The flame-spread rate in microgravity, however. has been shown 
to increase with forced-air flows (ventilation). For example, representative flame-spread 
rates for thin-paper samples determined in experiments conducted at the NASA Lewis 
Research Center ground-based facilities are 1.1 cm/s in normal gravity, 0.5 cm/s in quiescent 
microgravity conditions. and 1.0 cm/s in forced-flow microgravity. •2.n The latter rate was 
attained with a 6 cm/s atmospheric flow opposed to the flame spread direction - a minimal 
ventilation velocity. Similarly, the limiting oxygen concentration, or the lowest atmospheric 
content in which flames will spread, was 16-5% in normal gravity, 21 % in quiescent micro­
gravity, and 16% in forced-flow microgravity. 

As a practical necessity. materials for use in spacecraft must be qualified by normal -
gravity acceptance tests. A standard NASA test for sheet materials determines the resistance 
to the upward spread of flame (NASA NHB 8060.lC, Upward Flammability Test). The 
buoyant air flow in the direction of the flame spread provides a "worst-case" environment 
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in normal gravity and an asswned safety factor for microgrdvity applications. A recent study 
suggests possible improvements in the standard test to aid flanunability predictions, 14 but no 
study as yet derives correlations of normal-gravity to corresponding microgravity flamma­
bility. In ad~ition, common articles of paper, fabric, and plastics that are clearly flammable 
must be accepled in spacccr.ift for lack of suitable substitutes. Usage agreements for these 
articles demand strict control of quantity, configuration, spacing, and storage. Whether these 
special provisions can be continuously enforced during the long-duration missions of the 
Space Station is a concern for safety planning. 

Spacecraft Atmosphere 

The atmosphere of the Shuttle Orbiter and the proposed Space Station consists of air 
at ordinary sea-level total pressure and oxygen concentration (21 vol%). Prior to an extra­
vehicular activity (EV A), the atmospliere is modified by removing some of the nitrogen but 
not the oxygen. This change decreases the total pressure, but it also increases the oxygen 
concentration to a maxirnwn of 30 vol%. The modified atmosphere permits the crew to 
acclimate rapidly in low-pressure space suits without the need for prolonged prebreathing 
times to reduce blood nitrogen levels and prevent decompression sickness. 

An increased concentration of oxygen in the atmosphere can accelerate flammability 
considerably and promote flame spread for some materials otherwise "non-flammable" in 
air. A review of 766 selected materials with acceptable flame-spread resistance (in normal 
gravity) under air showed only 654 had acceptable fire-spread resistance under an enriched 
30%-02 atmosphere. u The NASA Lewis studies cited in the previous section also noted the 
strong influence of atmospheric oxygen on-flame-spread rates in microgravity. For example, 
data for thin paper show that the flame-spread r.ite is increased by a factor of approximately 
1.7 in the EVA 30-vo1%-02 atmosphere compared to that in air. 11.12 

In.contrast to the hazards of increased-oxygen-concentration atmospheres, atmospheres 
with reduced-oxygen concentrations have been shown to offer both life-suppon and fire. 
protection advantages.16 ~ panicular, a reduced-oxygen (or excess-nitrogen) atmosphere in 
the untended periods of the Space Station would essentially eliminate the probability of inci­
pient fires requiring the automatic discharge of extinguishaol A systems analysis must 
determine the trade-off of the costs of atmospheric nitrogen Joss and replenishment prior to 
each crew revisit to the savings in reducing the likelihood of untended-period alarms and 
their wasteful consequences. · 

Fire Detection 

The fire-detection system under consideration for the Space Station consists of photo­
electric smoke detectors installed to monitor local zones. The sensors use a conventional 
principle based on the response to the obscuration or scattering of a light beam by smoke 
particles in the atmosphere flowing through a sampling duel 17 Ground-based, smoke-cham­
ber development tests have established an alarm setpoint of 1.5%/m light obscuration for 
early warning of incipient fires and smoldering. Whether this setpoint is suitable for rapid 
recognition of fue "signatures" in microgravity is not known. Small-scale test data do indi­
cate that the ave.rage size and concentration of smoke particles from microgravity fires may 
vary considerably from those of normal-gravity fires. 11 The obvious safety factor in setting 
the alarm threshold at a low smoke concentration can cause more frequent false alanns from 
detector electronic noise or benign atmospheric pollutants (dusts). Other detection-system 
requirements, such as alarm-confinnation and failure-tolerance criteria, and even the zone 
volwne specification for an optimum number and location of sensors in the station, are not 
yet established with any confidence. 
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Fire Suppression 

Proposed fire suppression for the Space Station consists of a primary fixed system for 
remotely actuated discharge of carbon dioxide agent and a secondary system of portable 
carbon dioxide fire extinguishers. Storage.quantities and release rates are sized to achieve 
a zone flooding concentration of 50 vol% C01, a level based on terrestrial standards and 
developmental-test results. The Space Station suppression system has a single-failure toler­
ance; i.e., the primary system is backed by the portable fire extinguishers. In the untended 
periods, however, the only alternative upon failure of the primary suppression system is in 
the remotely actuated venting. of the spacecraft aunosphere to space. The extinguishment 
of fires by venting to a sufficiently low total pressure has been demonstrated in small-scale 
microgravity tests.5•11 The flow created by venting, however, was shown to stimulate the 
growth of the microgravity fire temporarily." · 

Analyses suggest that the mechanisms and rates of fire suppression in low gravity may 
differ substantially from those in terrestrial environments.'9 Until more data are available, 
conservative requirements must govern the spacecraft designs. It is thus possible that the 
proposed Space Station suppressant concentratioru; may be insufficient for effective r.ipid 
extinguishment or, on the contrary, excessive and wasteful. 

Post-Fire Restoration 

The proposed concentrations of carbon dioxide for suppression by flooding the unsealed 
racks or other zones can produce toxic concentrations through leakage into the Space Station 
cabin atmosphere. The prompt removal of excess agent and combustion products from the 
spacecraft atmospl1ere during and af!Cr a fire is beyond the standard capabilities of the envi­
ronmental-control system. Localized venting or dedicated emergency contaminant-removal 
systems are under study, but these methods require more development The long-tenn, sub­
tle effects of toxic and corrosive fire by-products on both the crew health and equipment 
performance must also be considered in post-fire management. 

CONCLUDING REMARKS CONCERNING DESIGN AND RESEARCH 

The Space Station is now undergoing an extensive restructuring in design and opera­
tions, although it is unlikely that the basic requirements for fire protection will change. Fire 
prevention, detection, and $Uppression provisions for current spacecraft and the Space Station 
are adapted from accepted practices in terrestrial fire safety. Shunle experience indicates 
that current fire protection is adequate. Nevertheless, the uncertainties in the nature of fires 
and the effectiveness of response techniques in microgravity require that system designs be 
conservative with high safety factors. Quantitative risk assessments in progress to evaluate 
the probabilities and consequences of fire-related incidents promise results to define practical 
safety levels and improve system efficiency. For successful analyses, a primary need is 
information on the correlation of nonnal-gravity acceptance-test data to realistic material 
flammability and flame-spread rates in low gravity. The current small-scale tests in ventila­
ted, microgravity environments are to be augmented with practical experiments on represen­
tative, thick material sections (requiring Shuttle accommodations). Other needs are data to 
opt:imiz.c: fire-detection alarm setpoints and minimum suppressant concentration and flow 
rates, to establish alarm confirmation and false-alarm rejection logic, to provide failure­
tolerance alternatives for untended periods, and to develop post-fire cleanup techniques. 
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METHOD OF EXPERT JUDGMENT 
APPLIED TO WASTE LANDFILL PERFORMANCE 

Ljiljana Rodie and Louis H.J. Goossens 

Safety Science Group 
Delft University of Technology 
Delft, The Netherlands 

INTRODUCTION 

This article presents the results of formal elicitation of expert opinions by paired 
comparisons. The elicitation was carried out as a part of a larger project, MIRAMOS 
(Mllieukundig E,isico-Analyse MOdel voor Stortplaatsen), which bas been initiated in 
order to establish a risk-analysis model for solid waste landfills. 

METHOD 

This project bas proceeded in the following stages: 
1. Extensive literature search. 

It revealed that the field data on failures of engineered landfills are rather scarce, and 
as such do not provide a firm basis for standard statistical calculations. Therefore, the 
method of expert judgments bas been applfed (Cooke, 1991). 

2. Identification of basic events for the fault-tree analysis. 
Preliminary interviews with specialists from The Netherlands were conducted to 
verify that the list of basic events encompassed all possible relevant points. Besides 
contacting researchers and designers, we also made an effort to consult with people in 
landfill operations whose experience is often unpublished. 

3. Selection of experts. 

039 • I 

To select the experts as objectively as possible, we solicited referrals from · 
professionals in the field of landfill technology and management. From approximately 
340 letters sent to specialists in Europe and North America, 120 wrote back with their 
recommendations (35 % response rate, comparable to those reported in literature, e .g. 
Morgan, 1984). These names were then assembled into a list of experts for the next 
phase of our srudy. 

4. Discussion of general landfill issues with the experts in order to define the most 
relevant issues to be subsequently compared. 

5. Formal elicitation of expert opinion by paired comparisons. 
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Each phase revealed imponant aspec1s which then detennined the further course of the 
study. The details of the previous stages are reported by Rodie (1993a, 1993b). They 
mainly include general opinions offered by experts on a few fundamental landfill issues. 
It was necessary to address these issues before entering this phase of the projec1 -
elicitation of fonnal expert opinion on landfill failure modes by paired comparisons. 
In this paper, only the findings of the paired comparisons stage are discussed. 

FAILURE OF BOTI'OM LINER 

The questionnaire about bottom liners consisted of two parts, one for failure which 
occurs in the short-tenn (during construction, operation and the firs1 30 years after 
closure) and one for failure which occurs in the long-tenn (several hundreds of years 
after closure). Table 1 shows the items compared for failure of the bonom liner, with 
the first rwelve items compared for failure in the short-term and all fifteen items 
compared for long-term failure. 

Table I. Items (objects) compared for failure of the bottom liner 

Item number 

2 
3 
4 
s 
6 
7 

8 

9 

10 

11 
12 

13 
14 

IS 

Short description 

A choice of bad materials or an obviously inappropriai: design by the design 
engineer. 
Bad qualiry of materials delivered t0 and aceqned at the site. 
Installation damage. 
Bad qualiry of seams and/or bad qualiry of clay compaction. 
Georecbnical failure. 
Chemical allllck by unanticipated waste constituents. 
Failure of the leachate collection and removal system (LCRS) and subsequent build· 
up of hydraulic bead above the bonom liner. 

· A breach by the vertical gas pipes or the vertical leachate collection pipe caused by 
downdrag force of the settling waste. 
Resorting to financial shortcuts duriag the course of construction which then 
partially or entirely alters the concept of the design. 
Failure to safeguard the liner through adequate operation (tipping) activities. 
especially in the beginning of the operatioa phase. 
Acccpwu of any available site for the future landfill. 
Numerous peoetntirlg pipes through the boaom liner. 

Failure of the cap liner a.tJd subsequent infiltration of rainwater into the waste bulk. 
Subsequem land-use of the 13.tldfill site or comu,,ction in the area adjacent to the 
closed landfill. 
No material can provide long-tenn cootainmeoL 

Failure of Bottom Liner in Short-Term 

The experts found that most problems stem from construction: the two highest 
scoring items belong to the construction phase, namely bad quality of geomembrane 
seams and/or bad quality of clay compaction, and damage during installation (Table 2). 
Although reputable geomcmbrane manufacturers provide their own seaming personnel 
and equipment (indeed, they would not sell their product if it were to be installed by 
others) there are still uncertainties regarding the mechanical parameters representative of 
seam quality as reported by Peggs (1985). The U.S. EPA organized a workshop in April 
1993 to discuss these issues (EPA, 1993) with no firm conclusions about how to 
maintain the quality of seaming. Clay compaction is another uncertain issue as reported 
by Elsbury et al. (1990). 
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The next highest scoring items on the list concern design (pipes penetrating the 
bottom liner) and operation practices (failure to safeguard the liner). 

Table 2. Expert opinions (obtained by paired comparisons) on the causes of failure of 
bottom liners in the short-term 

item NEL (Bradley-Terry)' item NEL 

4 0.27 I 0.05 
3 0.15 5 0.04 
10 0.14 & 0.033 
7 0.11 9 0.029 
12 0.065 11 0.028 
2 0.058 6 0.02 

Number of experts: 16. 

The general conclusion is that damage is the main cause of failure of the bottom 
liner in short-term rather than inadequate choice of materials, site or type of waste. With 
HOPE as the recommended geomembrane by almost all the regulatory guidelines (for its 
pronounced chemical resistance), there is a general belief that choice of material is not 
an issue. However, the experts still come across cases of obviously bad design, due to 
the emergence of numerous small design companies with less than adequate knowledge 
and competence. 

Failure of Bottom Liners in Long-Term 

An underlying assumption made by all the experts answering this questionnaire was 
that any failures noticed in the previous phases (short-term) had already been repaired. 

Although experts agreed that there is no material which can provide long-term 
containment (long-term being defined as many hundreds of years), other items were 
ranked higher merely because they are considered to have a greater chance of occurrence 
before the material structure disintegrates. 
Of those other items, the most frequently mentioned for long-term performance are the 
choice of an inadequate site for a landfill and failure of the cap liner. 

It was rather difficult for the experts to decide which of the items causing the 
failure of the bottom liner in the short-term would also cause the failure later, for 
example, after 300 years. However, they clearly pointed to item no. 7 - failure of the 
LCRS2 • There is a common belief, based on the field evidence, that the LCRS2 ceases 
to function in a matter of decades. Theoretically, that should not lead directly to the 
failure of the bottom liner, but combined with all the damage during construction, build­
up of leachate above the bottom liner (as a consequence of failure of the drainage 
system) surely provides conditions for greater leakage. 

Bad design which allows pipes to penetrate the bonom liner is also cited as a 
serious cause of failure. 

Subsequent land-use of the closed landfill site (item no. 14) is seen by some experts 
as a very possible cause of damage to containment. Based on their experience during the 

' AJ; defin~ by Cooke (1990). 

'LCRS. leachate.collection and removal system 

039 - 3 



039- 4 

last few decades, they claim that landfill records are not kept or taken into account for 
subsequent projects (developments around the site) after 10 years. However, most of the 
experts expressed their hope (rather than belief) that the recent strict regulations in this 
field will bring about better record-keeping and better cooperation among various 
governmental institutions. Particularly the experts from governmental agencies were 
confident about this. 

LEACHATE COLLECTION AND REMOVAL SYSTEM (LCRS) 

The questioruiaire for the LCRS did not distinguish between short- and long-tenn 
since it is assumed that the LCRS will cease functioning within the short-tenn, as 
defined in the questionnaire. However, there is evidence that the methanogenic phase of 
waste degradation can last a very long time, meaning that the LCRS is also longer 
needed. 
With this subject the experts were offered pairs of eight items shown in Table 3. 

Table 3. Items compared for the failure of leachate collection and removal systems 

Item number 

2 
3 

4 
5 
6 
7 
8 

Description 

Clogging due to failure by the design engineer: 
the sysu,m not redundant enough - ooo few pipes. ooo small pipes. pipes not sufficiently 
interconnected; 
irwleqwue slopes designed; 
an inappropriate material selected for the filter and drainage layer (grain size, grain size 
distribution, mineralogical composition, etc.). 
Clogging due to irregular/insufficient flushing. 
Unpreventable clogging due to the type of waste. 
Displacement or change in the slope of the pipes due to settling of subsoil. 
Mechanical damage of the LCRS due to landslide of the subsoil. 
Mechanie2l damage, displacement, and change in slope. during the tipping of {first meters of) 
the WUte. 

Item no. 7 posed a problem in the sense that it was not possible to imagine that the 
landfill would continue to function in the case of a major landslide which would 
significantly damage the LCRS. Therefore item no. 7 was eliminated from further 
analysis. 

TI!e experts were almost completely internally consistent (they had very few 
circular triads), although they did not always agree among themselves. The most 
distinctive difference in the resulting ranking order of items is between European and 
American experts as presented in Table 4 . 

Item no. 5 was by far ranked the highest by European experts. It is fairly clear 
from the experts' comments and the lack of literature on this topic that, in their opinion. 
this is the most uncertain and uncontrollable item. 3 American experts cited the failure of 
the design engineer in selecting appropriate materials (items no. 3) as the most prevalent 
reason for the failure of the LCRS. 

• Clogging is the process of formation of a mixture of physical particles, (bio)chemical 
precipiwes and microorganisms biomass; it can lead to a complete filling of the drainage sand 
layer 311d pipes. Clearly, these processes are very complex. 
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All the other items scored an order of magnirude lower. They concern the design 
and operation measures that can contribute to the alleviation (if not the elimination) of 
clogging. 
Omission to flush the pipes for the purpose of cleaning the clogs (item no. 4) scores 
quite high. Although it may not be a remedy for clogging, field evidence shows that it 
helps. However, carrying out flushing in practice is difficult due to many logistical 
problems. Moreover, authorities seem not to monitor it adequately. Therefore, it is done 
irregularly and insufficiently. 

Table 4. Expert opinions (obtained by paired comparisons) on the causes of failure of 
the LCRS 

EUROPEAN EXPERTS 

irem no. NEL (Bradley-Terry) 

s 0.61 
3,4 0 .10 
6 0,07 
8 0.06 
1 0.03 
2 0.01 

Number of experts: 7. 

AMERICAN EXPERTS 

item no. 

3 
I 
4, S 
8 
2, 6 

NEL (Bradley-Terry) 

0.70 
0.06 
0 .054 
0 .048 
0 .03 

Number of ex pens: 5. 

Dutch experts found settling of the subsoil (item no. 6) important since this is 
present in the Dutch alluvial plane, with layers of peat and interchanging layers and 
patches of clay and sand, having different settling characteristics. · 

The items concerning the design of the drainage pipe network scored very low 
among continental European experts. There is a general agreement that designing 
according to the principles of hydraulics• alone cannot do away with the problem of 
clogging of landfill leachate drainage systems. Therefore, to reduce the chance of 
clogging, the system is made redundant with larger pipes, placed more densely, and 
better interconnected. 

CONCLUSIONS 

There is a common message: if any little opening in the seam, crack, tear, is left, 
leachate will find its way through it to the subsoil. 

The definition of bottom liner failure as suggested in the questionnaire (penetration 
of waste constituents into the subsoil) prompted comments by some e,tperts. Should total 
containment be pursued at all, knowing that all the materials currently used will 
ultimately leak? However, most national policies try to promote the best containment 
possible. 

The general consensus is that there is not yet sufficient knowledge on the processes 
which take place within the waste bulk. However. it seems that financial resources 
available for such srudies are scarce since interest lies more with the engineered parts of 

• LCRS have been designed according to hydraulic principles which have 1radi1ionally been 
the basis for civil engineering design of drainage systems (e.g. irrigation sysiems). However, 
hydraulics does not accouru for the chemical and biological em·ironment always present in 
LCRS. 
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a landfill system (barriers and drainage layer) rather than the waste itself. This is due to 
the commercial reality that producers of the liners and pipes are more concerned with 
the perfonnance of their products over the nature of the waste. 

Generally, governmental officials were not seen as knowledgeable of actual field 
conditions. Therefore, some of the technical guidelines are considered to be 
inappropriate. 

Some experts warned about the general level of expertise of professionals in the 
field of waste landfilling. Since there is a large demand for engineered landfills, the 
experts were unanimous in their belief that the legislative systems allow for too many 
inadequately trained and insufficiently specialized professionals. 

It was rather difficult for the expertS to give opinions about items with which they 
had no direct experience. For example, the researchers had difficulty commenting on 
field experience during the construction phase (items 9 and 3). 

The field of waste landfilling has become increasingly complex. The experts in this 
study have various specializations: properties of liner materials, design, construction 
quality control, and clogging of leachate collection and removal systems. Most of them 
expressed their doubts about questions they did not feel confident to answer. Also, both 
natural conditions (topographic, geological, geohydrological) and societal conditions 
(legislation, culture, mentality) differ from country to country. Therefore, all these 
variations among experts and their environments must be taken into consideration along 
with any statistical analysis of the results of formal elicitation of expert opinions by 
paired comparisons. 
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INTRODUCTION 

Probit relations play a role .in predicting the expected nwnber of fatalities as a 
consequence of unwanted dispersion of a gas cloud containing hazardous materials. 
Calculations of dispersion provide the concentrations to be expected. The probit relations 
.provide the estimates of the nwnber of fatalities among people exposed to the gas cloud. 
It is essential to such exercises that the applied probit relation represents a realistic 
relation between exposure dose ( concentration and exposure time) and the percentage of 
expected fatalities. 

A probit function within the frame of hazardous materials is represented as follows: 

Pr = a + b.ln(C"T) 

in which 

Pr is the probit value 
a is a constant 
b is a constant representing the slope of the probit relation 
C is the concentration of hazardous material in ppm or mg/m3 

T is the exposure time in minutes 

n is the exponent indicating the relative influence of C to the probit value with 
respect to values of T. 

A standard table of probit values provides the percentage of fatalities among the exposed 
population. For a number of hazardous materials (like chlorine, ammonia and 
hydrochloric acid), values of the constants a and b and the exponent n have been 
established in various ways given different sorts of data (for instance, animal data). For 
other materials the current probit relations are estimated based on LC,o-values, the lethal 
concentration at which 50 percent of the population die, sometimes sustained by the 
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relation of Lc..;LC,0, if at all known. In both cases, the constants a and b and the 
exponent n of the probit relation may have large uncertainties. 
This paper describes the results of a formal expert judgement technique - developed at 
Delft University of Technology - that was used to obtain the dose-response relations for 
the acute lethal effects of five hazardous substances: acrylonitrile, ammonia, hydrogen 
fluoride, sulphur trioxide and azinphos-methyl. The full study has been reported by 
Goossens et al. (1992). 

OPTIMIZATION PROCEDURE AND SEED VARIABLES 

Twenty-five experts, distributed over the five substances, gave medians and 90 percent 
central confidence bands of the lethal dose-response relations under several conditions. 
Dose-response relations for each substance were calculated with parameter fitting 
techniques for uncertain models in two ways: with equal weights for the contributing 
experts and using an optimization procedure which weights the experts' assessments. 

As recommended by Goossens et al. (1989) the 'Classical Model' for combining expert 
judgements was used. lbis is essentially a linear pooling or weighted averaging model, 
which derives its weights from classical statistical hypothesis testing, optimizing 
performance under a scoring rule constraint. The Classical model is extensively described 
in Cooke (1991). 

A fundamental assumption of the 'Classical Model' is that the future performance of 
experts can be judged on the basis of past performance. When antecedent performance is 
lacking, it is generated by means of seed variables. Seed variables are variables of which 
the true values are known by the analyst or can be found within the time span of the 
study. The performance of the CXperts on the seed variables is taken as indicative for the 
performance on the variables of interest 

The seed variables must be in line with the variables of interest and require, of course, 
known quantitative data. As quantitative data on the lethal resP.Qnse. of human beings to 
toxic chemicals are not available, the seed variables had to be selected from the "nearest" 
data sources. Animal experiments and low level epidemiological studies provide 
quantitative data which closely resemble the expected human behaviour once exposed to a 
large dose of a chemical substance. In the case of sulphur trioxide, animal experiments of 
the "nearest" toxic chemical, sulphuric acid, had to be used, as no animal experiments are 
reported on sulphur trioxide. 

The behaviour of a toxic substance once it is inhaled by a human being has been studied. 
A Classification Model of Inhalation is developed wiih which routes and reactions of the 
chemical in the body can be classified. The aim is to enable the analyst to structure the 
contents of the seed variables. The model is represented by a number of 'dimensions': 

KlNETICS ~ MECHANISMS~ TARGET~ FUNCTIONAL~ HEALTH 
ORGANS DISTURBANCES EFFECTS 

The dimensions are related to: 

kinetics: ( quantitative) properties concerning the rates of absorption, distribution, 
metabolism and elimination of the substance 
mechanisms (or dynamics): (qualitative) properties concerning the types of reaction, 
and the formation of metabolites, during absorption down to excretion 
target organs: the organs where the toxic impact will occur 
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functional disturbances: (pathophysiogical) changes in organ-functioning as a result 
of the toxic impact 
health effects: clinical expression of the organ-function distributions. 

Table I shows the distribution of the 'dimensions' of the Classification Model of 
Inhalation over the seed variables for the five substances. Some seed variables represent 
more than one 'dimension'. The 'dimensions' Kinetics and Health effects seem to be well 
documented in literature compared to the other three 'dimensions'. 

Table 1. Distribution of 'dimensions' of the Classification Model of Inhalation over the 
seed variables for five chemical substances (K=kinetics, M=mechanics, TO=target organs, 
FD=functional disturbances, HE=health effects) 

chemical substance 

acrylonltrile 
ammonia 
hydrogen fluoride 
sulphur trioxide 
azinph0$-metbyl 

# of seed 
variables 

10 
IO 
9 

10 
10 

K 

8 
3 
6 
l 
6 

PROPOSED PROBIT RELATIONS 

'dimensions' 
M TO FD RE 

4 2 l 
1 3 3 3 

3 
1 3 1 6 
2 1 1 s 

For each assessed chemical substance in this study the following conclusions can be 
drawn with respect to the derived probit relations. 

For acrylonitrile the experiment was succesful yielding a probit relation 

Pr= - 7.27 + 0.86 ln(C'·3t) 

which leads to lower risk figures than predicted by the probit relation currently used in 
the Netherlands 

Pr = - 8.6 + ln(C1·3t) 

This would impact the iso-risk-contours by dragging these approximately 20 percent 
closer to the source of release of acrylonitrile (for instance, an iso-risk-contour originally 
at 1000 meter could shift back to less than 800 meter). See Table 2. 

For ammonia the experiment was also succesful: agreement on the acute lethal effects 
already explored in literature was sustained; the derived probit relation 

Pr = - 36.4 + 2.0 I ln(C2t) 

appears to have a steeper curve than the probit relation currently used in the Netherlands 

Pr = - 9.35 + 0. 71 ln(C2t) 
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This would impact the current location of the iso-risk-contours. Higher risk-contours tend 
to shift away from the source, but lower risk-contours tend to shift back to the source of 
release. See Table 3. 

Table 2. Potential change in iso-risk-contour distances in cases the currently used 
acrylonitrile probit relation in the Netherlands is replaced by the probit relation from this 
study 

lethal respouM iso-risk-contour in meters using 
current metbod tbls stody 

90% soo 358 

50% 1000 775 

10'10 1500 1257 

Table 3. Potential change in iso-risk-contour distances in cases the currently used 
ammonia probit relation in the Netherlands is replaced by the probit relation from this 
study 

lethal response iso-rbk-contour lo meters using 
current metbod this Stlldy 

90% 500 615 

50% 1000 908 

10% 1500 1018 

For sulphur trioxide the experiment was sµccesful : a probit relation could be established 

Pr = - 2.85 + 0.68 ln(C2t) 

which results in much lower response doses than is predicted by the probit relation 
currently used in the Netherlands 

Pr = • 9.8 + ln(C2t) 

This would impact the location of the iso-risk-contours tremendously: more than double 
distances (for instance, an original distance for an iso-risk-contour may shift from 500 
meter to close to 1000 meter). See Table 4. 
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Table 4. Potential change in iso-risk-contour distances in cases the currently used sulphur 
trioxide probit relation in the Netherlands is replaced by the probit relation from this 
study 

lttbal rtsponse iso,.risk-contour in meters using 
current metllod this study 

90% 500 968 

SO% 1000 2251 

10% 1SOO 3919 

For hydrogen fluoride the experiment was not fully succesful: the nomination of experts 
appeared to be difficult as most of the identified experts were not available ( deceased, 
addresses unknown). Furthermore as a result only three expert assessment were obtained, 
and some of these were incomplete rendering the expert data insufficient for quantifying 
the probit relation. 

For azinphos-methyl the experiment was not succesful: experts were not sufficiently 
prepared for this kind of exercises which is very uncommon in the pesticide scientific 
community. Some seed variables appeared to be not adequately suitable. The remaining 
number of usable seed variables was insufficient ( only six) and the number of experts 
was low (only three); no probit relation could be established, not even indicative. 

In all cases the median assessments were used to derive the probit relations. 

CONCLUSIONS 

In conclusion it can be stated that the formal expert judgement procedure can lead to 
probit relations for ready use provided the elicitations of the experts' assessments are 
performed within the stringent conditions of the optimization procedure. Worldwide top 
experts on the toxic chemicals were elicited. 

Moreover, the results of the succesful chemicals are what could be expected: 
for ammonia all experts provided median assessments within a narrow range, which 
is in line with the fact that the acute toxicity of ammonia is relatively well-known 
for acrylonitrile the spread in median values was large, as was indicated already in a 
previous exercise by the Municipal Health Service of Rotterdam (Woudenberg and 
van der Torn, 1991) 
for sulphur trioxide the uncertainties were large, which is in line with the fact that 
very little is known of the acute toxicity of sulphur trioxide. 
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A LATENT VARIABLE MODEL IN UNCERTAINTY ANALYSIS 
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2628 CD Delft 
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INTRODUCTION 

039 - 13 

Mathematical models contain coefficients and parameters. The model predictions Y 
are a function of the parameters X: Y = M(X). Sometimes the parameter val­
ues 2i. of the parameters X are not known exactly. This can be modeled by assigning 
not a single value 2i. to the parameters X, but a. Uoint) probability distribution Fx_: 
P(X.. < li.) = Fx(li.). This distribution expresses the uncertainty of the model builder 
about the true value of the parameters. Assigning uncertainty distributions to the 
parameters implies that the output of the model Y becomes a random variable. Its 
distribution Fr_ describes the uncertainty of the model builder about the outcome of 
the model emerging from the uncertainty in the model parameters. The distribution 
Fr. is usually calculated by Monte Carlo simulation. 

We propose a latent variable model that allows for the modelling of the multivari­
ate probability distribution Fx_ by means of bivariate probability distributions. This 
construction does not seriously restrict the class of multivariate probability distribu­
t ions that can be modelled. Theorem 3.and Corollary 4 state tha.t the joint distribution 
constructed in this way satisfies certain maximal entropy properties. A result impor­
tant for the decomposition of an uncertainty analysis with dependent random variables 
is formulated as Theorem 5. We apply the results to fault tree uncertainty analysis 
modularization. 

This paper is based on a previous paper by Cooke, Meeuwissen and Preyssl (I) 
and on the Ph.D. Thesis of Meeuwissen [9). The techniques have been implemented 
in prototype software packages for the Dutch chemical corporation DSM [2) and the 
European Space Agency ESA [3). The calculations of the example in this paper have 
been made with the computer program developed by Rene van Dorp (2). 
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LATENT VARIABLE MODEL 

Let T be a graph on n nodes without cycles, i.e. T is a tree. Let X = (Xi, .. . , Xn) be 
a vector of random variables. It is said that X shows I ree-dependence if each of the ran­
dom variables X; can be associated with a node of 7 such that X;, X; are conditionally 
independent given their first common ancestor (1 $ i . j $ n,i =J j). 

Given n observable random variables X = (X1 , ••• , Xn) with joint probability 
distribution F , n random variables Z = (Z,, . . . , Z., ) and m latent random variables 
{,_= (.Ci, ... , .Cm}• We say that (Z,.C) with joint probability distribution G is a latent 
variable model for X if the marginal distribution of l; and X; are equal ( i = 1, ... , n ) 
and if the vector ( Z, &) shows tree-dependence. 

We make the following remarks. 
1. Notice the similarities between a tree dependence graph and an influence diagram 
without decision nodes [10] . 
2. The tree-dependence graph of a tree-dependent ,·ector of random variables gives 
a sampling strategy. First sample any of the X;, then conditional on this realisation 
sample its decendents, etcetera. 
3. G is a composition of only bivariate probability distributions. 
4. It is an open problem which class of joint probability measures F of X can be 
modelled by some latent variable model (Z,f::.) with joint probability distribution G. 

Consider the following application of this latent variable model. It is used to 
capture the main characteristic of knowledge dependence, see (9]. Let there be only one 
latent variable .C. Identify this latent variable with · the model builder'. The random 
variables X are coupled to the latent variable with a degree depending on the 'degree 
of subjectivity' of the information source on which the uncertainty distribution of the 
parameters is assessed. 

In short this means that if the model builder has an extensive statistical test at 
his disposal on which he can base the uncertainty distribution of a parameter, then this 
parameter will have an uncertainty distribution which will be independent or almost 
independent of .C. But if on the other hand little data are known to the model builder 
on a certain parameter and he has to rely upon his general knowledge and insight for 
the assessment of the uncertainty distribution, then this uncertainty distribution will 
be tightly coupled to .C. For a random variable X this coupling may be measured by 
the rank correlation p,(X, .C) which equals the correlation p(Fx(X) , F.c(.C)) where Fx 
and Fe denote the distribution function of X and .C respectively (5], [7]. 

Lemma l 
Given a model Y = M(X) with random variables X = (X1 , ••• , Xn) and a latent 
variable .C. 
{i) If each of the pairs (X,, .C), 1 $ i $ n, are independent, then (Y, .C) is independent. 
{ii} If M is monotone increasing and each of the rank correlations p,(X;, .C) = 1, 
1 $ i ~ n , then p.(Y, .C) = 1. 

This lemma shows that the coupling between the model prediction and the latent vari­
able ca.n be interpreted as a degree of subjectivity of the uncertainty of the model 
prediction. The following theorem and its corollary show that the joint probability 
distribution G of a latent variable model (Z,.C) with given marginals and a given (tree­
dependent) correlation structure have an optimal entropy property if and only if each 
of the composing bivariate probability distributions posseses this property. 
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Definition 2 (Relative Information,[6]) 
Let f be absolutely continuous with respect lo g. The relative information !(fig) of a 
probability density f(x) with respect to a probability density g(x) equals 

J f (x) 
!(fig) = f(x)logg(r) dx. 

Theorem 3 ( Meeuwissen and Cooke, (9]) 
Let gx,Y be the necessarily unique, [8], probability density with ma1'ginals gx and gy that 
minimizes l(gx,Ylgxgy) given the correlation PxY between X and Y, and let gx,z be 
the probability density with marginals gx and gz that minimizes I (gx,zlgxgz) given the 
correlation pxz between X and z. Then 9X.l'.Z := gx,Y9ZIX is the probability density 
with margfoals gx , gy and gz that minimizes l (gx.Y.zlgxgygz) given the correlations 
PXY between X and Y and PXZ b.etween X and Z. 

Corollary 4 Consider the joint probability dtnsity fz.,& of the random variables Z, /;, of 
a generalized latent variable model with some given correlations p(Z,,.C;) and p(.Ck,.Ct) 
and given marginal densities. Given these correlations and marginal densities the joint 
density !z.& has minimal relative information with respect to the product density of 
the marginal densities if and only if each of the bivariate densities fz,.c; and fc, ,c, 
has the same property; i.e. if and only if each of the bivariate densities has minimal 
relative information with respect to the product density of its marginal de11.sities given 
the correlation value for the two variables and given the two marginal densities. 

UNCERTAINTY ANALYSIS DECOMPOSITION 

This section describes a. ma.thematica.l a.pproach of decomposing uncertainty a.na.lysis of 
larger models into the uncertainty analysis of smaller submodels. The problems that 
arise in taking proper account of (knowledge) dependence when modularizing uncer· 
tainty a.na.lysis are diminished by using latent variable models. Consider the following 
case. Let 

Y = M(X) = M(S1(X1),S2(X2)); 

i.e. the model M(X) is a composition of the two submodels S1(X 1) and S2(X2 ). It ca.n 
be very convenient to determine first the probability distributions Fs, and Fs, of S1 a.nd 
S2 seperately, by two Monte Carlo simulat ions. One can then treat in a second phase 
S, and S2 as two ra.ndom variables, whose (marginal) distributions now are known, to 
determine the distribution Fy_ of the model prediction Y. The problem that arises is 
that the two random variables S1 and S 2 may be dependent. 

There may be dependence between S1 and S2 for two reasons. 
1. The parameter vectors X I and X 2 may contain common variables, 
2. Some of the uncertainty distributions of X1 and X 2 may be coupled to a common 
latent variable C. - -

If either of these hold, then the joint probability density fs, ,s, # fs, · fs, and the 
density of Y ca.nnot be determined from the marginal densities fs, and f s, alone. 

In the following we assume that S1 and S2 have no common uncertain parame­
ters. We consider the case where the uncertainty distributions reflect uncertainty from 
a common information source. We model this knowledge dependence using a latent 
variable model with one latent variable C. 

3 
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T he main part of the investigation of many other interesting models can be reduced 

to the analysis of this model iu the followi ng way. Let £ be the vector of common 
variables X ; of S1 and S2 together with the latent variables. T he basic step in the 
following analysis will be the conditionalization on£, which in the general case becomes 
conclitiona.lization on l . T hen the same analysis will apply with minimal notational 
changes. 

Note that smooth distributions are usually determined by their moments. When 
one wants to decompose the uncertainty analysis, one looses in principle the information 
on all cross product moments of the joint distribution of S1 and S2. By the latent 
variable structure however, the cross product moments can be written as a product of 
the regression function of S~' IL (k1 ".' l, . .. ) and t he moments of Fs,.c. 

T heorem 5 

E{S;1s;2
} = E{S;' }E{S f' IL= O} + E{S;2£} :CE{S ~' IL = O} 

+ ~E{S;' £ 2
} :;2 E{S;1 IL= 0} + .... 

In order to take proper account of the dependencies, one should in the first phase, 

I 

I 

I 
I 
I 

when one performs a Monte Carlo simulat ion of the sub-models S1 and S2, calculate I 
an estimate of the two joint densities fs, .c and f s,,c. instead of only an estimate of the 
marginal probability densities fs , and Js,. And then simulate from these joint prob· 
ability densities in the second phase. The following corollary can be used to est imate I 
these joint densities in a simple way. 

Corollary 6 
If the derivatives of the regression functions E{S~'IL} and E{S;'IL} vanish from or­
der L onwards, then the cross product moments E{S~1[,l} and E{S;'Lt } with f = 
1,2, .. . ,L-1 determine the value of the cross product moment E{S;1 S;' }. 

Approximation for Decomposition. Theorem 5 and Corollary 6 provide a way to 
decompose an uncertainty analysis without loss of information or accurracy, also in case 
there e,cists knowledge dependence between S1 and S2• 

I 

In the first phase Monte Carlo simulations one not only est imates the marginal 
densities of S1 and S2, but also a number of cross product moments E { Sf1 [,l} and I 
E{S;' [,l}, (k1, k2 , e = 1, 2, ... ). The number of cross product moments to be calculated 
is determined by the degree of 'linearity' of the regression functions of S1 and S2 • 

Then in the second phase Monte Carlo simulation one simulates from joint proba- I 
bility densities Js, .t:. and Js,,t:. with the given marginals and with the given cross product 
moments. The construction of distributions having minimal relative information under 
these constraints can for instance be done as in Meeuwissen and Bedford (8}. I 

Instead of fitting the cross product moments E{ Sf [,l}, one can also fit the cross 
product moments E{Fs;(S,)"Lt}, i.e. the rank correlations etcetera. This modification 
is numerically much more stable as it eliminates the sensitivity to the tails of the prob· I 
ability distributions. 

EXAMPLE I 
We illustrate the results in a fault tree uncertainty analysis example. Suppose M 
is a large fault tree, and S1 and S2 are two sub-fault trees comprising sub-systems. Let 

4 I 
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Figure 1: Failure probability distribution of two 3-out-of-4 systems {and-gate): original 
model (1), decomposed model disregarding dependence (2) and decomposed model 
fitting rank correlations p,(S,,i:.) (3). 

S1 and S2 be two 3-out-of-4 systems; i.e. S1 consists of 4 components X 1 , X 2 , X3 , X 4 

and fails if and only if 3 or more of these components fai l. Now let the uncertainty 
about the failure probabilities p; of the components X, be identically distributed wjth 
a 5% quantile of 0.0100, a 50% quantile of 0.0548 and a 95% quantile of 0.3000. 

We assume the exjstence of a moderate knowledge dependence and model it by 
assigning a rank correlation value p,(X,,,C) of 0.7 between the failure probability un­
certainty distribution of each component X, and the latent variable £. 

Now we ha,·e done three Monte Carlo simulations (sample size 10000). In the 
first one we have simulated the entire system with eight components. The second one 
was divided into two phases. In the first phase the sub-system S1 consisting of four 
components bas been simulated. In the second phase a small system with the two 
components S, and 52 has been gjmulated. The two components were chosen to be 
independent and had the marginals obtained by the first phase simulation. T he first 
phase of the third Monte Carlo gjmulation was identical to the second Monte Carlo 
simulation. In its second phase however the rank correlation between £ and S; had the 
same value as observed in the first phase simulation (0.88) . 

These three l\fonte Carlo simulations have been done for both a system "S1 and 
S2" and a system "S1 or S2" . Results are shown in figures 1 and 2. The correspondence 
between the probability distributions of the failure probabilities in the complete model 
and the decomposed model with fitting only the first cross-product-moment {rank.­
correlation) is remarkable. It is seen that for the decomposition of a fault tree model 
into two smaller sub-models it is sufficient to calculate in the first phase only very few 
{i.e. 1) cross product moments E{Sf C.'} which then can be fi tted by a maximal entropy 
distribution in the second phase. 

CON CLUDING REMARKS 

In this paper we have presented a latent variable model for knowledge dependence 
in uncertainty analysis. We have given the important factors that play a role in the 
decomposition of large uncertainty analyses into smaller ones. We have applied the 

5 



039 • 18 

it I ii!' 

i · = S,(X, ) or S2(X2) 
I ~-~~-..-,....--..,..;;;;;,..-~ ..;::;=--~~bl-,......,..., 

complete M (!): -
o.9 decomposed M 

0.7 

P{Y < y}o.s 

0.3 

0.1 

indep. (2): 0 
dep. (Pr) (3):+ 

0 L-~~;L--~--"'--~ .......... - ~......._ _ _._~L-~'--'-' 

Je-06 le-05 le-04 le-03 
y 

le-02 le-01 

I 
I 
I 

Figure 2: Failure proba bility distribution of t wo 3-out-of-4 systems (or-gate): original I 
model (1 ), decomposed model disregarding dependence (2) and decomposed model 

fitting rank correlations p,(S, . .C) (3) . 

result to the case of fault tree uncertainty analysis. The decompositioning technique 
shows to do very well by taking into account only the first order cross product moments. 
The calculations were numericaly much more st able in the calculation of quantiles and 
rank-correlations than in t he calculation of moments and ordinary cross-product mo­
ments by the heavy tails involved in these fault tree models. 
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SOME REQUIREMENTS FOR DESIGNING 

AND MANAGING RELIABLE COMPLEX SYSTEMS 

Karlene H. Roberts 
University of California. Berkeley 

Martha Grabowski 
Rensselaer Polytechnic University 

On a global basis complex organizations are increasing. Inevitably some parts of 
many of these organizations engage in behaviors that can lead to catastrophic error. As 
Perrow (1984) points out catastrophic error in one part of an organization can have a domino 
effect in other parts of the same organization. In fact, there is a body of research that 
describes both catastrophic accidents in such organizations (e.g. Shrivastava, 1986, Davidson, 
1990, etc) and organizations in which attempts are constantly made to avoid such catastrophes 
(Roberts, 1990; Roberts, 1993). 

Only infrequently do organizational writers consider systems of organizations. There 
are the networked organizations featured in the Miles and Snow research (Miles & Snow, 
1986), interlocking boards of directorates (Burt, 1980; 1979), and socio-technical systems 
(Trist & Bamforth, 1951). Despite the obvious existence of systems few organizational 
writers think about systems of organizations in which error in one part of the system (but not 
necessarily in the same organization) can propagate to other parts of the system. And none 
have made empirical observations in such systems. Yet, it is obvious that as the number of 
system components increases the probability of error increases. 

TYPOLOGIES OF ORGANIZATIONAL SYSTEMS ARE MISSING 

Of the many problems facing managers and researchers interested in designing and 
managing large scale systems two stand out as candidates for initial scrutiny. The first is that 
there exists no typology of organizational systems. Yet, clearly various kinds of 
organizational systems exist Two examples illustrate this point 

Prince William Sound at the time of the Exxon-Valdez tragedy is an example of one 
kind of organizational system. The accident was the result of the simultaneous coming 
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together of Exxon Shipping Company management policies that were not enforced, Coast 
Guard cutbacks in manning, training and serious attention to the possibilities of accidents in 
the immediately preceding years; manning shortages, lack of drills, and poor planning on the 
part of Alyeska (the industry's accident watchdog); piloting procedures that were less than 
optimal; and the non existence of the state of Alaska's own watchdog activities (National 
Transportation Safety Board, 1989; Davidson, 1990). 

All of the organizations involved were interdependent with one another although 
behavior within each of them suggests that their members didn't understand this 
interdependence. For example, Alyeska was supposed to have available a well equipped 
barge in case of an accident The barge was down for maintenance and had been for some 
time (Roberts & Moore, 1993). Thus, the supposed joint efforts of Alyeska and the Coast 
Guard in dealing with an accident could not have been carried out effectively. Just prior to 
the accident shift changes occurred at exactly the same time in the Coast Guard's Vessel 
Traffic Service (VTS) and aboard the Exxon-Valdez. Consequently, the supposed overlapping 
watches of the two units could not be realized in that instance. Worse yet, the Coast Guard 
had turned off the radar and the VTS operator had left his post for a cup of coffee. If the 
system had worked as it should have one might characterize it as a geographically dispersed 
parallel processing system. 

Other kinds of organizational systems also exist and are very poorly articulated. Take 
for example, the Nordic Explorer oil drilling rig in the Java Sea off the Coast of Indonesia. 
It's owner is Ross Offshore, a Norwegian Company. The rig is managed by Parra, an 
Indonesian Company, and it drills for ARCO. One can imagine that the structure of the 
system might well be conducive to management problems. It appears to be a hierarchically 
stacked system of sons. 

The point is that there are probably a number of kinds of interdependent organizational 
systems that have never been explicated. It is probable that most existing organizational 
systems "grew like Topsy" following some underlying functional logic. But in an 
increasingly complex world it is likely that managers will be faced with the task of designing 
whole systems from scratch. The Alaska pipeline and its interdependent organizations is a 
case in point Managers faced with the problem of designing organizational systems are 
probably hard pressed to do so in the absence of information about what their alternatives are. 

MANAGEMENT PRIORITIES TO ENHANCE SAFE AND RELIABLE OPERATIONS 

The second problem with organizational systems is that once designed managers must 
decide on appropriate priorities to enhance safe and reliable operations. Reliable and safe 
operations seem paramount to any organizational system simply because, as stated previously, 
the addition of components increases the probability of errors which can influence other 
organizations in the system in unexpected ways. While we know little about the management 
of systems of organizations we can extrapolate some issues that may be of prime importance 
from observations made in single organizations. Grabowski and Robens (submitted for 
publication) point to five determinants of reliable operations in large scale systems. We now 
turn to them and to one additional determinant, the keeper of the "big picture." 

The Keeper of the Big Picture 

It is as much intuitive as anything else to know that if a system of organizations is 
to operate int.erdependently someone has to be in charge of having the "big picture." In this 
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case a unit must oversee this task for the collection of units. Militaries have long known this 
and it is embodied in the notion of the General Staff. Organizations have corporate 
headquarters with similar oversight functions. Often organizations survive despite the fact 
that no one seems to have a very well developed "big picture." 

Particularly when a unit within a system of organizations has potential for doing large 
scale harm, attention must be devoted to the many ways in which the organizations can 
influence one another. This may occur through resource exchange and other forms of 
interdependence, communication, physical co-location, etc. 

System Structure 

There is a constant tension in some organizations between tight and loose coupling. 
Reliability enhancing organizations often engage in both almost simultaneously to address 
changing environmental conditions. For example, a study of two aircraft carriers (Roberts, 
Stout, & Halpern, 1993) illustrated the almost simultaneous use of both forms of control 

Most organizational theorists interested in organizational design, however, note that 
when organizations are tightly coupled (and consequently fairly centralized) they become 
brittle and unable to respond to changing environments (Weick, 1976; Perrow, 1984; Daft & 
Weick, 1984). These theorists call for loose coupling. 

As an example, Perrow makes specific reference to the marine transportation industry: 
Toe problem, it seems to me, lies in the type of system that exists. I will call 
it an "error inducing" system; the configuration of its many components 
induces errors and defeats attempts at error reduction. Discrete attempts to 
correct this or that will be defeated by something else; only a wholesale 
reconfiguration could make the parts fit together in an error-neutral or error­
avoiding manner ... .it seems to be the combination of system components that 
promotes error inducement, such that improving or changing any one 
component will either be impossible because some others will not cooperate, 
or inconsequential because some others will be allowed more vigorous 
expression (Perrow, 1984, p.173). 
What Perrow misses is the fact that system-wide, the marine transportation industry 

is very loosely coupled. In this system an example of tight coupling might be the laying 
down of specific laws about traffic separation schemes (TSS) that ships are expected to follow 
without variance. The fact that ships often break these laws in various ports in response to 
local weather and water conditions is an example of loose coupling. Sometimes this kind of 
loose coupling can result in serious mishap as when the Exxon-Valdez went outside of the 
TSS departing from Valdez Harbor. Thus, similarly to reliability enhancing single 
organizations, managers of complex organizational systems probably need to recognize the 
appropriateness of the tension between tight and loose coupling. 

System Decision Making 

Loosely federated or coupled systems are situations in which decision making is also 
uncoupled. Tightly coupled systems are milieus in which decision making can be rigid and 
uncritical (Janis & Mann, 1977). The literature on team decision making shows errors can 
occur for a number of reasons (Abelson & Levi, 1986; Slovic, Fischoff, & Lichtenstein, 1977, 
etc.) But, while teams afford opportunity for error they also afford opportunity for error 
correction. 
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The social psychological literature on decision making focuses primarily on how 
individuals make decisions in response to group characteristics. There is some literature on 
distributed decision making. But this literature makes an assumption that is often unmet 
(National Research Cowicil, 1990), it assumes decisions are truly tied together across systems. 

Yet some systems are truly disaggregated. The marine transportation industry is a 
good example of this. Since the days of Henry VIII, the need for some kind of connection 
between the pon and the ship to provide local navigation knowledge has been recognized. 
To this end the piloting industry was established. If one considers the ship and its master as 
one unit of the system and its pilot as another, the notion of a pilot as a navigational aid 
introduces into the system an opponwiity for team decision making and checks and balances 
across the master and pilot, each representing two different parts of the system. While in 
reality these people often engage in a real interchange, their system is not designed to require 
this. The master is always the final authority, and can take decision authority out of the 
hands of the pilot 

When we expand this example to think about the pon in which these people operate 
individual decisions made aboard yachts, tugs, ferries, and other vessels are totally 
independent of one another or they are only loosely tied together on an exception basis by 
communication on VHF radios. Decisions in some other kinds of systems are more tightly 
tied together. It would be impossible to run an air traffic control system, for example, if 
handoffs from one sector to another were not integrated to some degree, particularly during 
periods of heavy traffic. 

Similar to our point about system structure, managers must learn to recognize points 
in their systems in which disaggregated decisions can be tolerated, and points which require 
truly aggregated though geographically distributed decision making. No research exists that 
can inform managers about this. 

System Communication 

In the 1970s and more recently behavioral scientists made great strides in developing 
a methodology that can help answer questions about what constitutes optimal communication 
in organizational systems. The methodology is network analysis, which allows scholars to 
measure such factors as network density, reciprocity, roles, etc. It also allows the 
differentiation of figure and growid relationships. In 1979 and again in 1986 Cl!arles Perrow 
wrote optimistically about network analysis' potential for answering many questions about 
inter organizational systems. He fowid only one study that truly moved in this direction, 
though it did not use formal network: analysis. Warren, Rose, and Bergunder (1974) 
examined Lyndon Johnson's model cities program. This program was "designed to introduce 
new community action agencies into urban areas, to stimulate coordination among all agencies 
concerned with social problems and to promote innovative responses to these problems 
(Perrow, 1986, p. 206)." Studies of communication in organizational systems are still 
missing. 

The importance of organizational system communication is nowhere stated more 
emphatically than in Karl Weick's analysis of the Tenerife air disaster in which 583 people 
on a Pan American 747 and a KLM 747 were killed: 

First. pan of any job requirement must be the necessity for talk. Strong, silent 
types housed in systems with norms favoring taciturnity can stimulate 
wireliable performance because miswiderstandings are not detected. Of the 
four implications for managerial practice derived by Sutton and Kahn (1987) 
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in. their influential stress review, three concern talk: be generous with 
information, acknowledge the information functions of the informal 
organization, do not hold back bad news too long. La Porte, Rochlin, and 
Roberts (e.g. La Porte and Consolini, 1989) find that reliable performance and 
amount of talk exchanged co-vary (Weick, 1993, p. 193). 
Tiris analysis suggests that simply encouraging lots of communication helps the system 

become more understandable more linear, predictable and conttollable for those operating in 
it. Because of lack of research managers are left guessing about such communication issues 
as what constitutes sufficient feedback:, the nature of required trust, the development of 
various communication roles, etc. Without good communication none of the other processes 
discussed here can be managed for optimal outcomes. 

System CuJture 

Systems in which one or more units have sttong safety requirements should have 
strong cultures. Often organizations have weak cultures or sub cultures (Cooke & Rousseau, 
1988). ff organizational systems are comprised of organizations with different but 
interlocking mandates they may have somewhat different subcultures. But if any pan of the 
system requires attention to safety and reliable performance a common core of cultural values 
should exist which promotes behaviors consistent with those goals. 

Little is known about the content of that common core. Schulman's description of a 
reliability enhancing organization is instructive to managers about cultural characteristics they 
might help foster. 

... many administrative and technical features and many aspects of the 
organizational culture focus· attention upon failure and its consequences. While 
these organizations run with seemingly relentless constancy and predictability, 
in many respects their members are running scared-always alert to the 
possibility of failure and its costliness, if not its worst case ramifications. The 
consistent, preventative preoccupation with failure seems to be a distinguishing 
feature of high reliability organization (Schulman, 1993, p. 36) 

... there is an aversion to what might be termed agg:res.sive hubris. The culture 
of the organization supports this aversion and is reflected in an "organizational 
personality" that predominates. Coolness and caution are repeatedly mentioned 
as personality traits desirable among employees or co-workers .... But the Array 
of differential powers throughout the plant that must be integrated requires 
constant adjustment and accommodation to make the system work. Integration 
depends upon the continual reinforcement of key values at the plant credibility 
and trust (p. 45). 
These statement suggest the necessity of constantly oiling and nurturing the culture 

of the system so that everyone in it understand its nonns and their appropriate behavior with 
regard to those norms. Accomplishment of this goal probably requires heavy inputs from the 
"keeper of the big picture" as well as constant renegotiation about goals and processes within 
and across organizations. 

H.uman Computer Interfaces 

Tendencies to commit cnors are part of the human condition. Thus attempts to design 
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error tolerance into large scale systems at the outset are frequent and usually focus on man 
machine interfaces. Thus dials supplement direct operator obseivation in assessing the 
reliability of various kinds of plant operations. The advent of computer technology offers a 
real possibility for knitting together systems of operation, and addressing a whole range of 
error-mitigating possibilities. The tools at hand are much improved over what they were only 
a few years ago; extensive automation, diverse and redundant safety devices, sophisticated 
warning, detection, and navigational systems, and increasing development of intelligent 
decision support systems (Reason, 1991). Finally, principles of ecological interface design, 
a theoretical framework extending the principles and benefits of interfaces to complex 
systems, have been devised to support human-computer interfaces in complex large scales 
systems (Vicente and Rasmussen, 1992). 

While these advanced mechanical technologies are important partners in obtaining 
system reliability a problem with them in the past has been over reliance (e.g. Three Mile 
lsland). Hopefully today's managers are experiencing training in the limitations to both 
human and mechanical contributors to reliable system performance. 

CONCLUSIONS 

We began this discussion by stating that two management challenges stand out as 
candidates for initial concern in current thinking about how to design and manage systems 
of organizations. One has to do with the complete lack of typologies for studying different 
system forms. Without such typologies it is impossible to help managers understand their 
alternatives system design strategies. 

The second problem with organizational systems is that once designed mangers must 
decide on initial issues to focus on in order to enhance reliable and safe performance. The 
most obvious issue is attending to the importance of developing and nurturing the "keeper of 
the big picture." Beyond that we discussed five additional determinants of reliable operations 
in large scale systems discussed by Roberts and Grabowski (submitted for publication). These 
determinants are probably not the only important precursors to safe and effective performance. 
While we were able to highlight their importance here, there is no research that specifies 
exactly how managers should think about and pay attention to them. Our contribution is 
simply to highlight their importance 
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INCORPORATION OF HUMAN FACTORS INTO PROCESS 
HAZARD ANALYSIS 

Denise B. McCaffeny and Kurt A. Borows 

DNV Technica, Inc. 
16340 Park Ten Place, Suite 100 
Houston, Texas 77084 

HUMAN FACTORS AS A PART OF PROCESS SAFETY MANAGEMENT 

In recent years, both industry and government have analyzed the factors relating to 
process accidents. There has been a shift away from attempts to reduce accidents through 
ttaditional safety approaches. The new focus is on Process Safety Management, which has 
moved away from concentrating on failures of individual pieces of equipment or injury 
statistics, and moved toward viewing a facility as an integrated whole, in which one part can 
directly or indirectly influence another. Incidents arc no longer evaluated in isolation, but 
potential problems arc evaluated for the possibility of initiating a chain of events and 
escalating into a catastrophic failure. Public concern has focused on the chemical industry, 
and has been heightened by recent accidents, such as Phillips Pettoleum Company (Pasadena, 
Texas); ARCO (Channelview, Texas); Union Carbide (Bhopal, India); and Occidental 
Petroleum (Piper Alpha platform, Nonh Sea). Through post-incident investigations, it has 
become clear that the source of failures may not solely be due to equipment failures, but may 
be linked to the failure of administrative, human, management, or organizational factors. As 
a result, these factors have been recognized as playing a significant role in Process Safety 
Management. 

HUMAN FACTORS IN 29 CFR 1910.119, PROCESS SAFETY MANAGEMENT OF 
HIGHLY HAZARDOUS CHEMICALS 

The Occupational Safety and Health Administtation (OSHA) is an example of a 
regulatory agency concerned with Process Safety Management. In 1992, the newly­
established 29 CFR 1910.119, the Process Safery Managemenr of Highly Hazardous 
Chemicals came into effect. OSHA's intent was to provide regulation requiring industry to 
develop methods for managing process hazards. The legislation was aimed at preventing or 
minimizing the consequences of chemical accidents involving highly hazardous chemicals, 
and was particularly concerned with process releases of toxic, reactive, or flammable liquids 
and gases. 
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Since OSHA 1910.119 is a performance-based piece of legislation, OSHA h113 not 

defined a particular approach or methodology to be used for evaluating process hazards. 
Since many industry practitioners are already familiar with Hazard and Operability Studies 
(HAZOPs), many are using this technique as their Process Hazard Analysis (PHA) 
methodology. Regardless of the PHA approach taken, the methodology must include 
evaluation of applicable human factors. For many industrial companies, this requirement will 
be their first exposure to human factors. 

Although it is required that human factors be addressed within the legislation, OSHA has 
not defined expectations, provided guidelines, nor suggested methodologies to accomplish this 
task. It is believed that OSHA' s human factors concerns revolve around several factors: 

• Review of operator/process and operator/equipment interface, 
• Operator workload, 
• Extended or unusual work schedules, 
• Control and display interfaces, 
• Inso-umentation versus manual contra! of the process. 
• Operator feedback, and 
• Clarity of signs and codes. 

WHAT IS HUMAN FACTORS? 

Industry is now faced with the challenge of integrating human factors within Process 
Hazard Analysis. To meet this challenge, industry must define human factors and its 
application to the process plant environment. Human factors is concerned with the design 
of technical systems, where humans and equipment can interact safely and efficiently. 
Research has shown that humans are well-adapted to certain tasks, yet also have limitations. 
The current state of technology is also known, along with the technological limitations. As 
a result, a system can be designed to assign functions to humans, (such as data integration 
and pattern recognition), while assigning other functions to machines, (such as storing large 
amounts of unrelated data). Through conscious planning, a system can be created where 
humans and technology work together to meet a common purpose. Unfortunately, most 
facilities in existence today did not allocate functions in this manner, but were designed by 
assigning functions to technology; humans were expected to fill in the gaps and perform of 
the roles that could not be accomplished by machinery. 

Process Hazard Analyses can give industry an opportunity to review the role of humans 
within facilities, and determine whether the assumptions made and the tasks assigned are 
within acceptable limits. Through the Process Hazard Analysis, a company can examine the 
role of humans within their complex facilities and determine if the design of the facility aids 
personnel in operating and maintaining the process within safe limits or, if in some areas, the 
actual design will cause personnel to make errors. Human factors is concerned with 
improving the reliability of operators in performing their tasks, by identifying situations 
leading to error and highlighting improvements to reduce that error. If done properly, a 
Process Hazard Analysis can examine a process unit and uncover existing error-producing 
situations. 

DEFINING THE GOAL OF HUMAN FACTORS IN PROCESS HAZARD ANALYSES 

An overall goal for integrating human factors analysis within Process Hazard Analyses 
must be set. The objective of reviewing human factors within PHAs is to identify situations, 
equipment, or other factors which may result in human errors, thus creating process hazards, 
operational upsets, or maintenance problems. Once potential errors are identified, steps can 
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be taken to control these errors. Since Hazard and Operability Studies (HAZOPs) are one 
of the most popular process hazard analysis techniques, this paper will address how 
consideration of human factors can occur during a HAZOP study. 

THE SCOPE OF HUMAN FACTORS IN HAZOPS 

To evaluate the effects of human factors and human error on plant operations and 
maintenance, multiple activities must take place. Those with expertise in the application of 
human factors technology are needed. Any combination of human factors analysis with 
HAZOPs will have a limited scope. A combined approach allows an evaluation of issues like 
equipment design, control systems, data displays, control-display relationships, alarm systems, 
work space requirements, and control room layouts. Other issues, such as Procedures, Safe 
Work Practices, Training, and Staffing will also be discussed to some degree during the PHA 
study, especially in relation to their role as imponant safeguards for containment of hazardous 
chemicals during process upsets. However, for a thorough review of the influence of human 
factors, issues such as procedures, safe work practices, training, and staffing should have 
separate, thorough human factors analyses. 

APPROACHES TO INTEGRATING HUMAN FACTORS IN HAZOP STUDIES 

There may be as many different approaches to integrating human factors within HAZOPs 
as there are different companies. Many companies are at a Joss to determine how this 
integration can take place, and as a result. are doing nothing. Other companies have come 
to the belief that the inclusion of the term "Human Factors" within their HAZOP Guideword 
List is sufficient. Others have included a number of guidewords aimed at this concept. It 
is the contention of these authors that none of these approaches will prove sufficient for 
meeting the intent of OSHA 1910.119. 

SUGGESTED METHOD FOR INCORPORATION OF HUMAN FACTORS INTO 
HAZOP STUDIES 

To allow the concepts related to human factors to be integrated into HAZOP analyses 
and to meet the intent of OSHA 1910.119, a variety of activities should take place throughout 
the course of the HAZOP study. The human factors portions of the Process Hazard Analysis 
can be completed in three phases. Phase I · involves the pre-HAZOP reviews of 
documentation and facilities; Phase II is the discussion of human factors during the HAZOP 
srudy; and Phase ill is the human factors analysis stage. 

Phase I 

Performing a Human Factors Engineering (HFE) review of a unit prior to conducting the 
HAZOP helps maximize the HFE benefit in the HAZOP. Prior to conducting a Hazard and 
Operability Study, a Human Factors Specialist, the Study Leader, and applicable members of 
the HAZOP team, including unit operations personnel, should review documentation and 
spend time in the unit under study. During this rime, issues such as equipment design, 
operator/machine interface, panel and alarm system design, and computer interfaces should 
be reviewed. A common approach for all of these areas of interest is to concentrate on the 
task requirements for the unit personnel. Defining the required tasks will establish the 
evaluation criteria. Task requirements of the unit personnel can be identified from a review 
of unit procedures, job performance aids (JP As), and through discussions with unit operating 
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personnel. Training documentation, where available, will also help understand the unit 
tasking. The purpose of defining tasks and task requirements is to decide if personnel can 
successfully perform their jobs under all conditions with the equipment provided. 

For design reviews, procedures and training documentation may not exist. In these 
cases, it would prove useful to define the concept of the role of the operator in a system. At 
this time, the team should also define which tasks they would expect an operator to perform 
and which tasks would be assigned to equipment. The design HAZOP team should be 
familiar with the concerns reviewed during an existing unit walkdown and perhaps initiate 
questions related to these concerns. 

For existing units, once tasks have been defined and the available documentation 
reviewed. a unit walkdown should be undenaken. The unit walkdown should be conducted 
with an operator or foreman and include both the unit area and the unit control room. During 
the walkdown, observational notes should be made, and should include information about the 
adequacy of the layout and arrangement of the unit area equipment for operations and 
maintenance tasks. A review is also made of the accessibility of equipment and facilities, and 
will evaluate such characteristics as ingress and egress routes, stairs, ladders, and the 
adequacy of workspace. The unit environment should also be evaluated for such 
characteristics as lighting, noise, and heat. 

The walkdown is also used to evaluate personnel safety issues, such as the potential for 
exposure to hazardous materials, slipping/falling hazards, adequate guard rails and safety 
shields, hazardous/tolcic materials, sensors, and warning signs. Local control panels should 
be evaluated for instrumentation and contr0l layout and completeness, including labeling and 
panel location/accessibility. Equipment labeling to aid in locating and identifying required 
components should also be reviewed. Walkdown observations in the control room should be 
used for the evaluation of the layout, arrangement, grouping, and labeling of all annunciators, 
instruments, controls, furnishings, and other equipment and facilities in this area. While 
reviewing the unit and control room interfaces, discussions should be held with personnel in 
the unit concerning usability and accessibility of equipment, overall safety, staffing, training, 
and past process safety incidents. 

A review of procedures prior to the Stan of the HAZOP can often identify human factors 
concerns. The review might identify where two tasks must be completed at one time at 
different locations, mismatching in labeling and terminology, and steps involving inoperable 
equipment. A procedures review, at minimum, should include unit start-up, shutdown, and 
emergency procedures, as well as any unusual operating, maintenance, testing, and calibration 
procedures. Notations should address any areas of concern for presentation and discussion 
during the HAZOP srudy. These notes should not only include the problems, issues, and 
shortcomings identified. but also the strengths in the unit design. 

Phase D 

After the initial review conducted in the unit, the HAZOP team should be assembled for 
the HAZOP srudy. A briefing should be held with the team to introduce the goals and 
methods to be used for hazard identification and hazard analysis. Also at this time, a 
presentation must be given regarding human factors and how it relateS to Process Hazard 
Analysis. Team members should be familiarized with the areas of human factors concern, 
such as human-machine interface, equipment design, accessibility/work space requirements/ 
physical work environment, procedures, safe work practices, training, and staffing. During 
the study, human faetors issues identified during the initial visit to the unit should be 
presented to the team, discussed, and entered into the HAZOP record where appropriate. In 
addition, as other issues are discussed during the study, those with human factors implications 
should be identified as such and noted in the HAZOP record. 

I 

I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 

I 
I 
I 
I 
I 

I 
I 
I 
I 
I 

I 

Phase m 

The last phase of integrating human factors into Process Hazard Analysis involves 
documenting the human factors concerns. An important source of documentation of human 
factors concerns will be through identifying root causes during discussion about causes of 
deviations from the system intent. Whenever poientials for human errors are identified during 
a HAZOP study, the team should discuss how and why such an error could occur and ensure 
that ·the HAZOP record documents the source cause of such errors. Following the study, a 
human factors specialist should review the human factors concerns identified during the study 
and ensure that the suggested recommendations reduce the probability of the error or reduce 
the consequences of the error to acceptable levels. At this time, the hurnBll factors specialist 
can also conduct any additional analysis necessary to evaluate the extent of identified human 
fac.tors problems. 

THE LIMITATIONS OF THIS APPROACH TO HUMAN FACTORS AND HUMAN 
FACTORS IN HAZOPS 

Introduction 

There are limitations to what HFE can accomplish within the HAZOP analysis. Some 
of these limitations are based upon the purpose and the methodologies used, which may be 
thought of as HAZOP process limiralions. Other constraints exist due to the limited 
participation in the HAZOP srudy of experienced and qualified HFE specialists. These 
limitations can be thought of as HAZOP personnel limirations. 

HAZOP Technique Limitat ions 

By definition, a HAZOP should identify and address all hazards inherent to a specific 
unit's processes. The HAZOP methodology is basically equipment and facility orientated B11d 
does not have, as the prime purpose, the complete analysis, identification, and evaluation of 
the personnel sub-systems Blld the identification of the causes of human error. In addition, 
a reasonably. large number of process hazards do not involve the human-machine interface, 
nor do they require the intervention or interaction of personnel to implement adequate hazard 
contr0l. These two characteristics of the HAZOP analysis maintain the emphasis on 
equipment and "hard" engineering issues and solutions, which also results in de-emphasizing 
the human error and human perfo=ce issues. This problem continues in spite of evidence 
that identified human error is the cause in approximately 60% of start-up and shutdown 
problems in batch reactions. While the HAZOP teehnique is heavily documented, the reasons 
behind human errors, the root cause, are often only superficially addressed. 

Additionally, the HAZOP only needs to address the effective and efficient operation of 
the unit when there are hazards involved. Productivity of a facility, and its efficiency, are 
not necessarily HAZOP issues. Therefore, a large component of facility operations and the 
human-machine interface does not require in-depth review and analysis. Reduced production 
and/or the production of severely out-of-specification products, caused by inadequate 
insttumentation and conaol or by training and procedural problems, that do not result in 
increased hazards or undesirable releases, are not required to receive attention other than to 
verify that hazards do not result from the upset within the unit 

HAZOP Personnel Limitations 

The HAZOP team is composed of a group of personnel that represent the required 
engineering B11d technical disciplines with an experience level needed to address the primary 
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hazards of the unit's processes. While HFE must be addressed during the HAZOP, HFE is 
not a required discipline to be represented on the HAZOP team. The HAZOP team will be 
placed at a disadvantage if there is a lack of representation of HFE skills and knowledge on 
the ream. This can result in the misapplication of rraining and procedures changes. or to the 
misapplication of equipmenr changes to control or correct for human error potentials and 
human performance-related issues. 

It has been found that without an HFE specialist, HAZOP teams often suggest or 
recommend procedures development and/or training changes to "solve" for human eITOr 
problems. While such changes may reduce the probability of human error. they will seldom 
eliminate the error and may not reduce the consequences. Often times, to significantly reduce 
or eliminate human errors or the consequences of errors, equipment design changes may be 
required. 

Conversely, other situations have been found where equipment changes cannot eliminate 
or significantly reduce the probability of error. In fact, some equipment changes may actually 
increase the probability of human error or may increase the severity of the consequence of 
an error. In cases such as this, a reduction in the consequences of the error may be possible. 
HFE specialists are more experienced in determining when a design change will work to 
reduce human error and how to avoid introducing new problems associated with human 
performance when incorporating changes. For particularly involved process concerns, it may 
be advisable for the HAZOP team to make a recommendation 10 involve a human factors 
professional in the design modification process. 

BENEFITS OF HUMAN FACTORS IN PROCESS HAZARD ANALYSES 

It is important to take into account the strengths and weaknesses of people in the design 
of a plant process. in order to reduce the vulnerability of the plant to human error. By 

. reviewing the plant design during a HAZOP, potential sources of human error can be 
identified. Evaluations of the seriousness of errors can be made and suggestions given to 
reduce those errors by applying good human factors practices. Such practices may require 
improvements to equipment and/or working methods. 

Human factors can be integrated into Process Hazard Analyses, and in particular, to 
HAZOP studies. The Human Factors professional has an important contribution to make in 
the evaluation of plant design and the interaction of this design with the "human" systems 
used to manage process safety. Tune and effort should be allocated to ensure that human 
factors concerns are reviewed during Process Hazard Analyses. Reducing opportunities for 
human error within a facility can interrupt a chain of events or failures from escalating into 
a caiastrophic failure. In addition, the application of human factors principles to facility 
design can result in safer. more efficient and productive plant operations. 

REFERENCES 
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THE SAVANNAH RIVER SITE COMPONENT GENERIC DATA BASE: 
APPLICABLE TO A WIDE VARIETY OF FACILITIES 

C. H. Blanton1 and S. A. Eide2 

1Westinghouse Savannah River 
Company 

1991 S. Centennial Ave. 
Building 1 
Aiken, SC 29803 

INTRODUCTION 

2Los Alamos Technical Associates 
P.O. Box 51688 
Idaho Falls, Idaho 83405-1688 

As part of a program to upgrade methodologies for safety analysis of Savannah River 
Site (SRS) nonreactor facilities, a state,.of-the art component generic failure data base has 
been developed. 1 The data base has failure rate distributions generated from actual failure 
events for a wide variety of components and failure modes, such as pump failures to start 
and run, valve failures to open or close or spurious operations, electrical equipment 
failures, and others. Because of the many diverse data sources used to generate this data 
base, the results are potentially applicable to a wide variety of facilities: chemical 
processing; Department of Energy (DOE) production, reprocessing, and waste; commercial 
reactor; and others. 

Strengths of the data base include the following: 

• Comprehensive coverage of components and failure modes 

• Wide variety of data sources 

• Categorization (hierarchy) of sources 

• Failure rates generated from actual failure events in most cases. 

METHODOLOGY 

A comprehensive list of components and failure modes was developed by reviewing 
existing data bases and data sources. Also, safety analysts from various DOE facilities 
provided additional items. The resulting list of components and failure mo_des includes 
approximately 500 entries. Also, several different process fluids are covered: water, 
chemical, compressed gases, and air (ventilation systems). 
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A wide range of sources was used to collect failure data and failure rate estimates for the components and failure modes identified. The sources included information on commercial nuclear reactor components, DOE reactor and nonreactor facilities, chemical processing facilities, military system components, offshore oil facilities, liquified natural gas facilities, and others. Of the approximately 50 sources used, 80% contained actual failure data and exposure hours (or demands). Major sources of actual failure data included the following: 

• Nuclear Computerized Library for Assessing Reactor Reliability (NUCLARR)1 

• 

• 

• 

• 

DOE SRS production reactor failure data3 

DOE Idaho Chemical Processing Facility failure data' 

Offshore Reliability Data publication$ 

Military data on nonelectronic components6 

• Tritium collection system data. 7 

Information in References 4 and 5 was analyzed in detail to obtain failure data for the various component failure modes desired. (These references lump all failure events together; however, by reviewing the actual failures one can break down the information by failure mode.) Major sources for failure rate estimates (that do not list actual failure data) included the Center for Chemical Process Safety, IEEE Std. 500-19849, and WASH-1400. 10 

Sources were then grouped into one of three categories, based on existence and quality of failure data: 

• Category l - Sources with actual failure data obtained from a detailed review of failure events (to ensure applicability to the failure mode being considered) and a . detailed review of component populations and exposure hours (or demands). 

• 

• 

Approximately 20 such sources were identified, mostly dealing with commercial nuclear power plants or DOE reactors. 

· Category 2 - Sources with actual failure data, but which have an added uncertainty in the data compared with Category 1 sources. This added uncertainty can result from a less comprehensive search for actual failures, a more approximate method for determining component populations or exposure hours (or demands), or a less clear breakdown of failures into the failure modes of interest. Approximately 20 category 2 sources were identified, covering nuclear power plants, military systems, DOE nonreactor facilities, offshore oil drilling platforms, liquified natural gas facilities, and others. 

Category 3 - Sources that list only failure rate estimates. Approximately 10 representative Category 3 sources were chosen. 

All of the Category l and most of the ~ory 2 sources are independent, implying no, overlap between sources with regard to facilities and periods covered. Category 3 sources are not completely independent, indicating some overlap in reference sources used to generate failure rate estimates in these sources. 
Aggregation of failure data (Category 1 or 2) or failure rate estimates (Category 3) 
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was performed only within each category. The recommended component failure rate 
distribution was then obtained from the Category l result if available. If not available (no 
Category 1 data), then the Category 2 results were used. Finally, if no Category l or 2 
data were available, then the Category 3 results were used. This hierarchy of categories 
was used in order to base component failure rate distributions on the best information 
available. 

Aggregation routines used are described below. For Category l or 2 data, the 
following aggregation process was used. 2 

1. Compute R and R2 from source data: 

R = (1: f;)/(I: T J 

~ = [I: f,(f, - 1)/TJ/(1: TJ 

where f1 = number of failures from source i 

T, = component exposure hours from source i. 

2. Match moments to underlying normal distribution: 

3. 

µ. = 2 ln(R) -.0.5 In~) 

52 = ln~ ) - 2 ln(R). 

Determine mean and error factor of lognormal distribution: 

Mn = exp(µ. + 52/2) 

EF = exp(l.645 5) 

where Mn = mean 

EF • error factor (95th percentile/50th percentile). 

(l) 

(2) 

(3) 

(4) 

(5) 

(6) 

For data involving dcnwids rather than exposure hours, the same equations apply, but with 
T1 replaced with Di (number of demands from source i ). 

For category 3 failure rate estimates, the following aggregation routine was used.11 

1. Dctcnnine variance for each source: 

2. 

5;2 = [(lnEF)/1.645]1. 

Determine natural logarithm of median for each source: 

/J,,i = ln(Mn) - 5;2/2 

where µ.. = natural logarithm of median. 

3. Determine average of source variances: 

(7) 

(8) 

(9) 
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4. 

5. 

6. 

7. 

where n. = number of sources. 

Determine average of natural logarithms of medians: 

µ ... =(I: µJin,. 

Determine variance of natural logarithms of medians: 

s/ = I:(µ, • µ .. J2/n,. 

Determine parameters of underlying normal distribution: 

µ = I:(µ/SJ/{I:(1/SJ] 

S = larger of s, .. or S, 

Determine mean and error factor of lognormal distribution: 

Mn "" exp(µ + S2/2) 

EF = exp(l.645 S). 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

RESULTS 

Selected component failure rate estimates are presented in Table l. Mean failure rates 
were rounded to 1, 3, or 5 times the appropriate power of 10. Also, error factors were 
rounded to 3, 5, 10, or 30. This rounding is reasonable for a generic data base and helps 
to reflect the precision of the results. 

• 

• 
• 

• 

• 

Strengths of the resulting data base include the following: 

Extensive coverage of components and failure modes (approximately 500 
combinations) 

· Breakdown of results by type of system and process fluid 

Wide range of sources used (commercial reactors, DOE facilities, chemical 
processing facilities, offshore oil drilling platforms, military systems, and others) 

Most (over 75%) failure rate distributions based on actual failure data rather than 
failure rate estimates 

Clear presentation of basis for each failure rate distribution, to allow for individual 
analysts to customiz.e results. · 
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Table L Selected component failure rates. 

System/Component/Failwe Mode 

Water cooling/Piping/Leakage 

trank/Leabgo 

/Safety or standby valve, air-<>perated 
/Fails to open or cloee 

/Spurious operation 

/Pump, motor-driven/Fails to start 

/Fails to tun 

Chemical procoasing/Safoty or standby valve, air-<>porated 
/Fails to open or close 

/Spurious operation 

/Cootrol valve, air-<>porated 
/Fails open or closed 

/Pump, motor-<lriven/Fails to start 

/Fails to run 

Compressed gas/Safety or standby valve, air-<>porated 
/Fails to open or close 

/Spurious operation 

/Control valve, air-<>porated 
/Fail, open or closed 

/Compressor, mocor-<lrivon/Fails to start 

/Fails to tun 

Ventilation/Safety or 8laDdby damper, air-<>porated 
/Fails to open or cloae 

/Spurious operation 

/Control damper, air-<>porated 
/Fails open or closed 

/Fm or blower/Faila to &tart 

/Fails to twl 

Recommended Failure 
Rate 

Distribution 
(lognormal) 

Mean Error 
Factor 

3.0E-9/h-ft 10 

l.OE-8/h 10 

l.OE-3/d 30 

l.OE-6/h s 
3.0E-3/d s 
3.0E-S/h 10. 

l.OE-2/d 10 

3.0E-8/h 10 

S.OE-6/h 10 

l.OE-2/d 10 

S.OE-4/h 10 

3.0E-3/d 3 

1.0E-6/h 10 

3.0E-6/h s 

S.OE-3/d s 
S.OE-S/h 3 

!.OE-2/d s 

!.OE-S/h s 
1.0E-S/h 10 

S.OE-3/d s 
3.0E·S/h 3 
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RISK BASED REGULATION CONFIGURATION CONTROL FOR THE 
JAMES A. FITZPATRICK NUCLEAR POWER PLANT 

C. J. Everline!, M. G. Stamatelatosl, and F. M. Quinn2 

lSCIENTECH, Inc. 
San Diego, CA 
2SCIENTECH, Inc. 
Rockville, MD 

INTRODUCTION 

During the operation of a nuclear power plant, one or more risk significant systems, 
subsystems, or trains may be unavailable (e.g., due to failure or maintenance). In this 
connection, a "configuration state" is defined as the starus of components in a plant During 
operation, plant configurations change because the status of the components changes. Risk­
significant configurations (i.e., configurations with risk levels significantly higher than the 
baseline risk level) can occur. This study examines the benefit of identifying and controlling 
James A. Fitzpatrick (JAF) Nuclear Plant configurations from a risk perspective. 

The objectives are to: 
• Identify risk-significant configurations at JAF, using the existing JAF 

Individual Plant Examination (IPE) and JAF historical records.· 
• Quantitatively assess the benefit of strategies for plant configuration control, 

using a risk perspective. 
• Estimate the risk reduction, using JAF historical records and the existing IPE, 

that could be accomplished by configuration contr0l. 
Only events evaluated in the JAF IPE are considered. This limits configurations addressed to 
configurations that occur during full power operation. 

RISK-SIGNIFICANT CONFIGURATIONS 

Several parameters can be used to measure the risk associated with plant 
configurations. In selecting a parameter it is important to consider the objective of the risk 
study. There are two objectives for developing strategies to control risk significant plant 
configurations. One is reducing public risk by minimizing the likelihood of core damage (an 
important precursor to accidents that impact public health and safety). The second objective 
is enhancing the chances that the J AF plant operates successfully over its remaining life. 
Reducing the likelihood public safety is jeopardized by a core damage accident, and 
enhancing the chances that JAF operations are not interrupted by a core damage accident, 
essentially require minimizing the probability that core damage occurs during future JAF 
operations. 

The probability that core damage occurs during future JAF operations is a function of 
the: unconditional configuration occurrence frequency; mean configuration duration (i.e., the 

l 
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041 • 8 length of time the plant remains in a configuration averaged over the number of times the 
configuration occurs); the conditional core damage frequency, given that the configuration 
occurs; and the remaining plant operating life. The product of the first two parameters (the 
unconditional configuration occurrence frequency and mean configuration duration) is simply 
the probability that the plant experiences the specific configuration. 

Theoretically, the configuration occurrence probability and conditional core damage 
frequency can be calculated directly from the plant IPE. However, the review of JAF 
historical records discloses that high risk configurations occur more often than predicted by 
IPE data and the supposition that basic event probabilities are independent Moreover, in 
reviewing historical records it is easier to identify high risk configurations that have actually 
occurred if conditional core damage frequencies are known. Consequently, the primary risk 
measure used in the JAF risk based regulation configuration control study is the conditional 
core damage frequency, given that the configuration occurs. 

Table 1 lists the highest ranked basic events (from the IPE) for each major JAF 
system. This also provides a method for ranking systems. System ranking is an important 
configuration control consideration because plant Technical Specifications and many 
procedures are developed at a system, rather than a component, level. According to Table 1, 
the 125 V de electric power system is most risk significant system at J AF since a common 
cause failure of both batteries results in the highest conditional core damage frequency for 

Table 1. Highest Ranked Basic Events in Each Major JAF System 

Rank Svstem Highest Ranked Basic Event 

1 125 V de electric oower DCl-CCF-HW-BA TIS 

2 Em..,.,,encv service water ESW-CCF-FR-PUMPS 

3 Emernencv diesel generators EDG-CCF-HW-4EDGS 

4 Residual heat removal system, low pressure XHE-ASP-MC-RPTXR 
coolant iniection mode 

5 4.16 kV electric oower AC4-XHE-MC-UVRLA 

6 600 Vac electric oower AC6-SBR-DN-EP2A 

7 Reactor core isolation cooline: XHE-ASL-MC-RLTXR 

8 120 Vac electric nower AC1-XFR-HW-AC-A4 

9 Residual heat removal service water RSW-CCF-PF-2MDPA 

10 Residual heat removal system, suppression SPC-MSW-FU-SW17A 
nnnl cooling mode 

12 115kV ACO-SBR-DN-10022 

13 Standbv liquid control SLC-XHE-RE-XVMAN 

14 Hiah nno•sure coolant iniection HCI-MAI-MA-HPCIU 

15 Diesel generator room ventilation XHE-FRD·RE-FIRDP 
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singlet configurations (i.e., configurations comprised of a single, overtly unayailable, basic 
event). This is followed in order of importance by the emergency service water and 
emergency diesel generator systems. However, the preeminence of the 125 Vdc electric 
power system is evident from the observation that the conditional core ·damage frequency 
associated with basic event DCI-CCF-HW-BATIS is over a factor of 40 higher than any 
other value obtained in the analysis of singlet configurations. 

All possible doublet configurations (i.e., configurations involving the overt 
unavailability of two basic events) were evaluated using the JAF master cut set equation. 
This evaluation also demonstrates the risk preeminence of the 125 Vdc electric power system. 
With one exception, all of the 256 highest ranked doublet configurations involve a major fault 
in this system (either loss of power to important 125 Vdc panels or a common cause failure 
of both batteries), all of these configurations have conditional core damage frequencies above 
5.7xI0·2 (per year), and no doublet configurations involving a common cause failure of both 
batteries have conditional core damage frequencies below 6.3xI0-2 (per year). The next 
highest ranked doublet configuration has a conditional core damage frequency of 2.0xI0-2 
(per year). Moreover, comparing the singlet and doublet configurations discloses that the 
conditional core damage frequencies for the singlet configuration, DCl-CCF-HW ·BATIS, 
and all of the doublet configurations involving this basic event are virtually identical. This 
means that the risk from doublet configurations involving the loss of both 125 Vdc batteries 
is dominated by the ri~k from common cause battery failure, alone. This result is physically 
reasonable because many JAF systems rely on 125 Vdc power for startup and operating 
control. 

The one configuration among the 256 highest ranked doublet configurations that does 
not involve a major fault in the 125 Vdc electric power system is {ESW-CCF-FR-PUMPS, 
XHE-ASL-MC-RL TXR). These basic events are ranked second and fourth in Table l, and 
indicate the risk significance of the corresponding systems even when doublet configurations 
are considered. 

One interesting difference between the singlet and doublet configuration ran.kings is 
the lower risk significance of the emergency diesel generators when doublet configurations are 
evaluated. Ignoring emergency diesel generator failure in conjunction with major faults in the 
125 Vdc system (where the conditional core damage frequency is dominated by the 125 Vdc 
system fault), the highest risk doublet configuration involving emergency diesel generator 
failures is {EDG-CCF-HW-4EDGS, ESW-CCF-FR-PUMPS). This configuration has a 
conditional core damage frequency of 2.6xI0-3 (per year), only slightly higher (by a factor of 
-2) than the conditional core damage frequency for the basic event, ESW-CCF-FR-PUMPS, 
alone. It is concluded from this observation that the emergency diesel generators are less risk 
significant when doublet configurations are considered because of the dependence of higher 
ranked support systems (e.g., the 125 Vdc electric power system and the emergency service 
water system). 

The risk significance of the 125 V de electric power system was examined further by 
constructing a set of triplet configurations. These triplet configurations evolved by first 
combining the basic event, DCl-CCF-HW-BATIS, with every doublet configuration 
previously analyzed. Mutually exclusive configurations are eliminated by deleting any triplet 
that contains either the basic events, {DCl-CCF-HW-BATIS, DCl-BAT-HW-BATIA}, or 
{DCl-CCF-HW-BATIS, DC1-BAT-HW-BATTB }. Table 2 displays the salient results. 

The two highest risk configurations in Table 2 correspond to the two highest risk 
doublet configurations with the basic event, DCl-CCF-HW-BATIS, added. The 12% 
increase in the conditional core damage frequency evident in Table 2 is not considered risk 
significant. Nevertheless, these two triplet configurations illustrate the importance of the 
125 Vdc electric power system at JAF. 

Common cause failure of the emergency service water pumps, in conjunction with 
miscalibration of the reactor low pressure interlocks pressure transmitters, appear third in 
Table 2, which indicates that basic events, ESW-CCF-FR-PUMPS and XHE-ASL-MC­
RL TXR retain their risk significance even when triplet configurations are examined. 

3 
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04! · IO Table 2. Salient Triplet Configurations Common Cause 125 Vdc Battery Failure 

Frequency (per Configuration 
year) 

6.6xJO-l DC1-BDC-ST-BCB2A, DCI-BDC-ST-DC-B2, DC1-CCF-HW-

BATTS 

6.6x10-I DC1-BDC-ST-DC-A2, DCI-BDC-ST-DC-B2, DCI-CCF-HW-

BATTS 

l.2xIO· l ESW-CCF-FR-PUMPS, XHE-ASL-MC-RLTXR, DCl-CCF-

HW-BATTS 

l.2x10· l DC1-BDC-ST-BCB2A, DCI-BDC-ST-BCB2B, DCI-CCF-

HW-BATTS 

l.2xIO·l DCI-BDC-ST-BCB2A, DCI-CBL-HW-BATTB, DCl-CCF-

HW-BATTS 

l.2xIO·l DC1-BDC-ST-BCB2B, DCI-CBL-HW-BATTA, DCI-CCF-

HW-BATTS 

l.2xIO·l DCl-CBL-HW-BATTA, DCI-CBL-HW-BATTB, DCI-CCF-

HW-BATTS 

l.2x10· 1 DCI-BDC-ST-BCB2B, DCI-BDC-ST-DC-A2, DCl-CCF-HW-

BATTS 

l.2xlO·l DC1-BDC-ST-DC-A2, DCl-CBL-HW-BATTB, DCI-CCF-

HW-BATTS 

8.3x10·2 ACO-SBR-DN-10022, ESW-CCF-FR-PUMPS, DCl-CCF-

HW-BATTS 

8.3x10·2 ACO-SBR-DN-10012, ESW-CCF-FR-PUMPS, DCI-CCF-

HW-BATTS 

7.2x10·2 DCI-BDC-ST-BCB2A, ESW-MAI-MA-LOOPB, DCI-CCF-

HW-BATTS 

7.1x10-2 DCI-CBL-HW-BATTA, ESW-MAI-MA-LOOPB, DCl-CCF-

HW-BATTS 

A total of 24885 triplet configurations involving basic event, DCl-CCF-HW­
BA TTS, were quantified. However, the lowest conditional core damage frequency obtained 
for these configurations is 6.3xI0-2 (per year). This corresponds to the lowest conditional 
core damage frequency assessed for doublet configurations involving common cause battery 
failure, and implies that major faults in the 125 Vdc electric power system are so risk 
dominant at JAF that additional failures do not drastically increase risk since the highest 
conditional core damage frequency in Table 2 is within a factor of 9 of the maximum possible 
core damage frequency derived from the JAF IPE. 
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ANALYSIS OF HISTORICAL DATA 

Representative results from the review of JAF historical data are presented in Ta'?l~_3. The 
systems and equipment comprising the actual configurauons, occurrence probabi!mes, and 
the corresponding conditional core damage frequencies comprise Table 3. 

Table 3. Representative Historical Configurations 

Configuration Occurrence Probability Core 
Damage 

IPE Historical 
Frequency 
(per vear) 

"A" RHR Down for Maintenance [RHR- 4.9x10-6 3.2xJ0·3 3.2xI0· 3 
MAI-MA-LOOPA] & "B" RHR IOMOV-
16B Failed to Open on Low Flow [LCI-
MOV-CC-MV16Bl 

"A" RHR Down for Maintenance [RHR- l.9xl0-6 7.0xI0-3 7.0xI0-3 
MAI-MA-LOOPA] & RCICTurbineSpeed 
Transducer Broken [RCI-IDP-FS-RCIPM] 

HPCI, 23MOV-14 Failed to Open [HCI-
MOV-CC-HMV14] & RCIC Isolation due 

l.4xI0·9 5.3xio-5 5.3xJ0-5 

to Personnel Error [RCI-MAI-MA-
RCICM]& "B" 125 Vdc Battery Bus 
Ground [DC1-BDC-ST-DC-B2] 

The lowest conditional core damage frequency in Table 3 is over a factor of 30 above the . 
baseline frequency. This discloses that some relatively risk significant configurations did 
occur during the two operating cycles examined. However, none of the configurations 
resulted in exceedingly high conditional core damage frequencies (e.g., conditional core 
damage frequencies above 0.1 per year). 

The risk impact of the Table 3 configurations can be placed in perspective by 
considering the overall core damage probability at JAF during the two operating cycles 
examined. If the average core damage frequency over these two cycles is equivalent to the 
IPE baseline, then the core damage probability during the two operating cycles is 3.5x10-6. 
However, if it is assumed that the conditional core damage frequency for all JAF 
configurations is close to the IPE baseline except for the high risk historical configurations, 
then the core damage probability during the two operating cycles is 3.8xJ0·6, an increase 
less than 10%. Since this computation does not include periods when the conditional core 
damage frequency is below the baseline, the overall core damage probability from high risk 
configurations historically experienced at the JAF Nuclear Power Plant appears negligible. 

Table 3 exhibits significant disparity (involving orders of magnitude differences) 
between the IPE and historical occurrence probabilities for all configurations listed. 
Although the Table 3 data are merely representative, this disparity is exhibited by almost all 
risk significant historical configurations analyzed. Moreover, there appears to be a strong 
correlation between the disparate occurrence probabilities and activities involving unplanned 
maintenance and periodic testing. 

Periodic testing is performed to determine whether any coven failures have occurred 
in standby systems. Covert failures are imponant in this regard because they increase 
component unavailability. To illustrate this contention, a component experiencing a coven 
failure will remain unavailable until the failure is detected during testing and repairs are 
completed. For components subjected to oven failures, repairs can begin as soon as the 
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failure occurs. Their unavailability is less because they do not have to remain in a failed state 
until the next test is perfonned. 

Covert unavailability also increases the likelihood that configurations involving 
multiple component outages occur. If a component experiences a covert failure, repairs 
cannot begin until the failure is detected during testing. If another component fails before the 
first failure is detected, a doublet configuration involving both components exists. However, 
if the first component fails overtly and is repaired before the second component fails, the 
plant is not subjected to the doublet configuration. Consequently, the higher historical 
configuration occurrence probabilities cited in Table 3 are apparently due to covert failures 
that cannot be detected without surveillance testing. Scoping calculations indicate that covert 
failures can increase configuration occurrence probabilities by orders of magnitude above 
predictions using IPE values and the assumption of basic event independence. Hence, if 
covert unavailability is one to two orders of magnitude greater than overt unavailability for 
single components, two to four orders of magnitude differences are reasonable for doublet 
configuration occlll'!'ence probabilities when covert failures are involved. 

CONFIGURATION CONTROL STRATEGIES 

Any increase in core damage frequency causes plant risk to increase. Although 
existing Technical Specifications limit the amount of time a plant can remain in certain 
configurations, the core damage probability during this allowed outage time (A01) is greater 
than the core damage probability over the same time interval when the plant is in the baseline 
configuration evaluated in the IPE. 

More frequent testing of key front line and support systems, subsystems, and ttains 
can reduce the higher risk caused by overt outages by increasing confidence in the availability 
of standby hardware. During operational testing, the hardware being tested is known to be 
operational. However, increased surveillance testing cannot guarantee system, subsystem, 
or ttain availability· it can only decrease the unavailability a limited amounL This amount 
depends on the STI and the type of test perfonned ( e.g., a ttain that must be isolated during 
tes.ting may be unable to respond to a ttansient during the surveillance test). These 
considerations are used to derive realistic unavailability values with which the impacts of 
diminished STis are quantified. 

Component unavailability at the end of a Surveillance Test Interval (STI) depends on 
the interval length and an exponential disttibution rate constant. Since the exponential 
distribution rate constant is a function of the specific component and its environment, 
decreasing the STI can lower the probability that standby components fail on demand (i.e., 
their availability increases). 

The conditional core damage frequency associated wi th a specific set of overtly 
unavailable components is very sensitive to increases in the availability of some plant 
components, and insensitive to increases in other component availabilities. Configuration 
conttol strategies are developed by first identifying those systems, subsystems, and trains 
that engender the greatest conditional core damage frequency reduction. Then, the impacts of 
diminished STis are quantified. For those configurations and STis that lower the core 
damage frequency to or below the level of the baseline IPE core damage frequency, the one 
most practical from an operations perspective is recommended. 

Some configurations have conditional core damage frequencies than cannot be 
reduced below the baseline value, even if the unavailability of all other IPE basic events is 
zero. For these configurations control is achieved by limiting the AOT. If more frequent 
testing can lower the conditional core damage frequency of some configurations below the 
IPE baseline value, then a net reduction in overall risk (as measured by the plant core damage 
frequency) can still be obtained by limiting the duration of those configurations whose 
conditional core damage frequencies exceed the IPE baseline. The net reduction in overall 
risk realized is simply how much the configuration control strategies lower the plant core 
damage frequency below IPE baseline value. 
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APPLICATION OF RISK-BASED METHODS FOR INSPECTION OF 
NUCLEAR POWER PLANT SYSTEMS' 

S.M. Wong,2 W.E. Gunther,2 J.W. Chung,3 and W.D. Beckner3 

2Brookhaven National Laboratory 
Engineering Technology Division 
Building 130 
Upton, New York 11973 

3U.S. Nuclear Regulatory Commission 
Office of Nuclear Reactor Regulation 
Washington, DC 20555 

INTRODUCTION 

As part of regulatory oversight requirements, the U.S. Nuclear Regulatory 
Commission (USNRC) staff conducts various routine and special inspection activities 
to assess the safety envelope in nuclear power plants. Currently, guidance in these 
inspections is provided by procedures in the NRC Inspection Manual and issuance of 
Temporary Instructions defining the objectives and scope of the audit effort. In 
several studies sponsored by the USNRC over the last few years, Brookhaven 
National Laboratory (BNL) has developed and applied methodologies for providing 
risk-based inspection guidance for the safety assessments of nuclear power plant 
systems. One methodology integrates insights from existing Probabilistic Risk 
Assessment (PRA) studies and Individual Plant Evaluations (IPE) with information 
from operating experience reviews for consideration in inspection planning for multi­
disciplinary team inspections or individual inspections. 

APPROACH AND METHODOLOGY 

Typically, NRC inspection programs provide an audit function to assure 
compliance with regulatory requirements. Due to increased emphasis on safety 
significance, the NRC inspection process has been enhanced through the application 
of PRA insights.' The risk-based inspection process provides a framework for 
optimizing inspection resources and helps to focus on risk significant areas of plant 
design and operational practices. This methodology can also be used for generic 

. 
1 Work performed under the auspices o[ the U.S. Nuclear Regulatory Commission. 
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application to light water reactor (LWR) plants without detailed PRA studies. As 
shown in Figure l, the major elements of the methodology include: 

1. definition of the system, 

2. development of insights from PRAs and plant-specific IPEs on the role of the 
system in dominant accident sequences, 

3. augmentation of risk-based input with information gleaned from operating 
experience reviews to select and rank components for inspection emphasis, and 

4. identification of risk significant failure modes that require further inspection 
attention. 

SYSTEM DEFINITION 

• d e fine •Y•t•• bouncluy 
and succe•·• c d terfa 
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• •••••• •Y•te111·• role In dominant • evaluate r•current proble 111• 
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•tc. 
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Figure 1. Risk-based methodology for optimizing inspection activities on nuclear power plant 
systems. 

The first two elements of the process are usually well defined for safety 
assessments of nuclear facilities. In the case of nuclear power plants without detailed 
PRA studies, generic risk insights from the characterization of representative accident 
scenarios in both BWR and PWR plants were used to provide a risk perspective of 
the system's role in accident mitigation purposes.u A key element in this risk-based 
inspection methodology is the rationale for selection and ranking of plant components 
to focus the inspection effort. In this study, the rationale is based on augmenting the 
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risk importance of plant components with insights from operating experience review. 
The importance of component failures are traditionally prioritized by PRA-derived 
risk importance measures ( e.g., Fussell-Vesely importance measure). In addition to 
PRA and operational considerations, the importance rankings of plant components 
for inspection focus are determined by including implicit considerations of recovery 
potential, current accident management philosophy and conditional failures to identify 
the less obvious, but risk significant failure modes that merit further inspection 
attention. 

An important aspect of the risk-based inspection methodology is to determine the 
risk significance of inspection findings. A suitable approach in risk/reliability 
methodology for evaluating the relative importance of an inspection finding must 
include the consideration of two measures of risk significance:· (i) risk implications on 
plant safety, and (ii) changes in system performance reliability levels due to the 
suspect problem. The two-pronged approach for assessing the risk significance of 
inspection findings is shown in Figure 2. This approach melds risk impact evaluations 
and system reliability calculations to determine the risk significance of each particular 
problem described in the inspection finding. Risk impact can be evaluated by using 
plant-class specific event tree models developed in the Accident Sequence Precursor 
(ASP) studies and input from updated databases of initiator frequencies, 
system/subsystem unavailabilities, and equipment failure rates. The ASP event tree 
models may be modified to account for the functional dependencies among support 
systems in order to assure completeness and consistency of the risk model. A change 
in system reliability level due to the existence of a particular problem can be 
evaluated by utilizing a fault tree model based on reconstitution of applicable generic 
subsystem or component train models and updated data on basic event probabilities. 
The insights gained from the analysis of risk significance of each particular inspection 
finding could then be fed back into the risk-based inspection process to focus 
attention on prioritized concerns in future inspections. 
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Figure 2. Risk/reliability-based approach for assessing risk significance of inspection findings. 
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RESULTS 

Pilot tests of the risk-based inspection methodology have been demonstrated in 
inspection guidance provided to multi-disciplinary NRC inspection teams involved in 
conducting electrical distnbution system functional inspections (EDSFis) at U.S. 
nuclear power plants. In addition to PRA/IPE insights to identify vulnerable plant 
design features, risk-based guidance for EDSFis included insights from review of 
Accident Precursor Study (NUREG/CR-4674) reports, EDS-related Licensee Event 
Reports, and electrical component failures reported in the NPRDS database to 
provide an overview of significant EDS events and recurrent problems. The catalogue 
of these risk-based insights on EDS functionality was found to be useful in prioritizing 
inspection activities as well as a key element in identifying risk significant inspection 
findings. Some of the risk significant inspection findings in EDSFis identified by this 
process include:' 

a) voltage dip problems at medium and low voltage ESF buses, 
b) circuit breaker protection and coordination problems, 
c) undervoltage relay setpoint errors, 
d) emergency diesel generator availability problems, 
e) DC power supply problems, 
f) 120 V vital AC power supply problems, and 
g) transformer overloading concerns. 

The importance of these EDS inspection findings could be evaluated in terms of 
risk implications on plant safety to sort out generic issues for resolution and 
regulatory decision-making purposes. 

Further applications of the risk-based methodology have been shown to be 
workable in the development of Risk-based Inspection Guides (RIGs) for inspection 
of high pressure injection systems ( e.g., high pressure coolant injection and high 
pressure core spray systems) in BWR plants.5 The current format and content of 
these system RIGs include a walkdown checklist of major components grouped by risk 
significance, and insights on risk significant failure modes from operating experience 
reviews to assist the individual inspector in the assessment of functional adequacy and 
operational readiness of the subject system. This RIG format also allows flexibility for 
inspectors to utilize their own field inspection experience to take a "vertical cut" 
assessment across programmatic and organizational boundaries. 

CONCLUSIONS 

On the basis of lessons learned from actual participation in EDSFis, PRA-based 
operational safety and performance assessments, and HPCI/HPCS system inspections 
using the system RIGs, some of the key benefits of the risk-based inspection process 
include: 

a) enhanced credibility and a rational basis for the selection of safety significant 
inspection items and subsequent evaluation of inspection findings, 

b) optimized inspection strategies and posgble reduction in inspection planning 
times, and 
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c) enhanced communication of possibly "hidden" safety concerns to plant 
management responsible for maintaining safe, reliable operation of a nuclear 

power plant. 

Finally, potential applications of risk-based methods for operator licensing 
activities were explored to enhance the operator qualification process. A significant 
consideration in developing guidance for operator license reviews is the identification 
and prioritization of core damage scenarios for test modules in operator licensing 
examinations. The risk-based approach in operator licensing activities would help to 
improve operator quality on risk significant scenarios and thereby, result in the 
reduction of risks associated with human performance. 
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ASSESSMENT OF EXISTING PLANT INSTRUMENTATION 
FOR SEVERE ACCIDENT MANAGEMENT 

Alan J. Hom, Douglas E. True 

Safety and Reliability Division 
ERIN Eng. and Research, Inc. 
2175 N. Calif. Blvd., Suite 625 
Walnut Creek, CA 94596 

INTRODUCTION 

Seung Oh 

Nuclear Power Division 
Electric Power Res. Institute 
3412 Hillview Avenue 
Palo Alto, CA 94303 

Since the Three Mile Island-Unit 2 (TMI-2) accident in 1979, the nuclear utility 
industry has been studying various issues concerning the ability to successfully manage 
the risks associated with severe accidents. One area of this effort is the study of 
instrumentation and its usefulness under adverse accident conditions. Instrumentation 
performance during the TMI-2 accident was examined under a joint GPU, EPRI, NRC 
and DOE (GEND) program. During the TMI-2 accident, instruments inside the 
containment experienced severe environmental conditions such as high temperature 
steam, containment spray, hydrogen burn, and release of fission products. The 
summary report' of the examination concludes that: (1) The basic design of nuclear 
plant instrumentation is sound and inherently rugged, and (2) Most failures were 
caused by moisture intruSion which was due to faulty installation or maintenance. The 
lessons learned from this investigation were reflected as part of the post-TMI action 
plan through Reg. Guide 1.972• The implementation of this post-TM! action further 
enhanced the instrument capability under adverse environments. 

In light of TMI-2, and to further improve the safety of nuclear plants, the U.S. 
NRC issued SECY 88-147, "Integration Plan for Closure of Severe Accident Issues." 
In the plan, the enhancement of accident management capabilities is listed as an 
essential part of the regulatory closure of severe accident issues. This defense-in-depth 
approach to safety is expected to complement plant-specific risk evaluations, Individual 
Plant Examinations. In severe accident management, correct and successful 
interpretation of a plant's instrument response during severe accidents is important. 
There have been several studies examining instrument performance under a spectrum 
of potential severe accidents3·•.M. Most of these studies were performed without real 
plant applications and used plant equipment qualification data to evaluate the 

· instruments' usability. This resulted in an overly pessimistic list of instruments that 
would be usable during a severe accident. 

1 
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In this paper, we present an approach to assess nuclear plant instrumentation for 
use in severe accident management and the results of trial applications for two plants. 
The approach utilizes !PE results and plant instrumentation data. It systematically 
reviews the information needs and evaluates the adequacy of the instrumentation to 
meet the needs. In evaluating the adequacy to meet the information needs, we have 
used the following criteria. First, information needs should be defined as a minimum 
set that is necessary and sufficient to support decisions following severe accident 
management guidance. Second, the required accuracy of the measurement is less 
stringent than would be needed for normal plant operation. Third, non-safety related 
instrumentation can be used as a diverse means of meeting the information needs. By 
applying this approach, one can document the systematic evaluation of plant 
instrumentation for a plant-specific severe accident management plan. 

METHODOLOGY 

The objective of this assessment is to systematically evaluate and draw conclusions 
about the adequacy of existing instruments for severe accident management. The 
approach that we developed consists of three phases: The identification of severe 
accident management information needs; the determination of severe accident 
environmental and process conditions; and the evaluation of instruments to meet the 
information needs under adverse conditions. 

Severe accident management information needs consist of the information 
necessary for plant operators and support personnel to determine the status of the 
plant, to determine the effectiveness of mitigating actions, and to determine the 
potential consequences of the accident. 

Severe accident environmental and process conditions are obtained from severe 
accident computer code analyses and IPEs. The results of analyses of several severe 
accident scenarios are used in order to obtain the extent of severe conditions which 
plant instrumentation may experience. 

The evaluation of instruments to provide the required information needs then 
consists of identifying instruments that can provide the basic need and comparing the 
existing instrument's design capability for range suitability and environmental 
survivability. In assuming the adequacy of instrumentation for accident management 
and decision making, it is important to evaluate the survivability of the instruments in 
the context in which they will be needed. For example, it is necessary to determine 
what is actually needed, not just what is nice to know; to determine when it is needed, 
since it may not be necessary at all times during the course of a severe accident; and 
to determine if there are potential alternative methods to obtain the information such 
as using indirect parameters or portable instruments. 

Phase l: Identification of Severe Accident Information Needs 

The initial step in identifying instruments for severe accident management is to 
establish a minimum set of information needs. In this regard, the focus is on the 
information necessary for the operators and. TSC staff to manage severe accidents. 
Some past studies have focused on general information needs, driven by a 
·phenomenological understanding of severe accidents3

·'·
5

•
6

• In this context, it was 
generally assumed that more information is better. We have focused on the 
information needs necessary to support severe accident management guidance (SAMO) 

· implementation. This methodology tries to find the minimum set of information 
needed for accident management. This can best be achieved by reveiwing plant-specific 
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SAMG. In the absence of plant-specific SAMG, a reasonable approach consists of 
identifying information needs from existing resources. Three primary inputs are 
considered in this step. 

1 ). Emergency Operating Procedures 
2). Severe Accident :v!anagement Strategy Options 
3). Core and Containment State Assessment 

Emergency operating procedure guidelines have been developed by NSSS owners' 
groups to recover from accidents and to prevent the progression to severe accident 
conditions. These have been used to develop plant-specific emergency operating 
procedures (EOPs). It should be noted that many of the severe accident management 
actions being considered by owners' groups are currently identified in EOPs as accident 
mitigation measures. Because of the continuity between the operator actions used in 
the pre-severe accident and severe accident phases of an accident, and the gradual 
phenomenological changes associated with this transition, this method takes into 
account the pre-severe accident criteria (i.e., EOP criteria) in determining information 
needs. This is reasonable and desirable since existing instrumentation will likely be 
used by operators for determining plant status and assessing the need to invoke 
SAMG. 

Severe accident management strategy options have not been developed yet, but 
during a severe accident, it is envisioned that the control room operators and TSC staff 
will examine and apply strategies that are provided through plant-specific SAMG. Toe 
"information need" is for the initiation and assessment of the effectiveness of each 
strategy. Since plant-specific strategies are not yet available, this method utilizes the 
Candidate High Level Actions identified in the Accident Management Guidance 
Technical Basis Report7 (TBR). The TBR was developed to provide a consistent 
technical basis for the SAMG development and is currently being used as one of the 
main references by utility owners' groups in developing SAMG specific to each NSSS 
design, 

· Core and containment states need to be assessed to determine the plant status 
since the plant status will influence the choice of possible actions and when to 
implement those actions. This information need is addressed through a review of the 
TBR and development of core and containment status "trees". Toe trees are developed 
by analysis of plant conditions that determine when a particular state exists. For 
example, a branch of one of these trees may show the core is badly damaged by 
indications of low water level in the reactor vessel, high core temperatures, and low 
reactor pressure. These trees can be used to provide gener.al insights into the types 
of information that might be used in SAMG to determine plant status. 

The results of Phase 1 is a list of information needs. An additional step · at this 
point is to identify a plant parameter, or parameters, that can provide each information 
need. 

Phase 2: Identification of Severe Accident Environmental and Process Conditions 

Having established the information needs and parameters, the second phase is to 
determine the quantitative information for each parameter (its expected range) and 
the environmental conditions that each instrument will encounter. 

Process parameter ranges and time sequences have been modeled by the Modular 
Accident Analysis Program (MAAP) for most U.S. utilities as part of their Individual 
Plant Examinations (IPEs). To evaluate the range of the expected parameter values, 
several representative accidents are chosen and analyzed. Toe general criteria used 
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1). Relative Contribution to Core Damage Frequency - More likely accident 
classes (based on IPE results) should be selected as the initial screen because they 
represent the dominant expected conditions. Then, from those accident classes, plant 
damage states are selected based on the additional criteria. 

2). RCS/Containment Conditions· A spectrum of conditions (e.g., high/low RCS 
pressure, containment cooled/not cooled, etc.) are desired to represent a variety of 
potential conditions. 

3). Phenomenological Assumptions - Key phenomenological assumptions (e.g, 
debris dispersal/direct containment heating) are varied to evaluate their impact 

4 ). Conservative Mitigation/Operator Actions - Recoveries considered in the 
accident sequences evaluated as part of IPEs are not considered. This results in more 
severe environmental conditions and enables evaluation of long term accident 
progression. 

For each accident, five time phases are defined: 1) pre-core damage, 2) during 
core damage, 3) at vessel failure, 4) from vessel failure to containment failure, and 5) 
post-containment failure. For each of these severe accident/time phase combinations, 
the parameters will have an expected range that can be identified using MAAP 
predictions. 

A limitation is placed on this process by MAAP because MAAP does not have 
variables that specifically relate to all of the information needs. In these cases, where 
the information need does not have a corresponding MAAP variable, engineering 
judgement is used to evaluate its process conditions. In other cases, the nodalization 
of the MAAP containment model is such that the specific location of a component 
could only be treated as being represented by the bulk average environmental 
conditions of the MAAP node. In order to ensure that this assumption is reasonable, 
a review of each instrument loop is made to compare component locations, including 
the various loop components, with areas of potentially severe local conditions (i.e., 
near the reactor cavity /instnnnent tunnel inlet (PWR), near the pedestal door (BWR), 
etc.). · 

The MAAP code also provides the environmental conditions during the severe 
accidents. It is recognized that MAAP was not designed with this in mind, but it 
nevertheless provides a reasonable envelope of values for area temperatures and 
pressures. Humidity is generally assumed to be at 100% and radiation dose will be 
individually evaluated. This information is used in Phase 3 for the evaluation of 
instrument survivability for the time phase being reviewed. 

Phase 3: Evaluation of Instruments to Meet the Information Needs 

With the information needs, associated parameters, required parameter range, and 
maximum environmental conditions during each accident time phase, the next step is 
the identification and screening process of candidate instrumentation. Phase 3 consists 
of identifying instruments to provide needed parameters, comparing instrument design 
capability to the expected conditions, and determining the suitability of the 
instruments. In order for an instrument to be suitable and survivable, all of the 
components supporting the instrument must function. Those instruments that are 
found to be not suitable are analyzed to determine whether alternatives exist for 
measuring the information needs. In cases where no alternative exists, an effort is 
made to identify alternative approaches that can infer the information. In addition, 
some instruments are not required for the entire duration of the accident. Therefore, 
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if they fail after they are no longer needed then it is not necessary to find alternatives 
or other means of determining a particular information need. 

A variety of plant sources are generally available to identify instruments to fit the 
information need parameters including P&!Ds, instrument lists, functional loop 
diagrams, EQ lists, instrument data sheets, and Reg. Guide 1.97 lists. 

The final task is to compare the identified instrumentation ranges and 
environmental qualification with the expected severe accident conditions for each 
accident class and time phase. Ideally, each information need will have a combination 
of instrumented parameters that will collectively satisfy the need under the applicable 
accident class/ time phase combinations. If the instrumentation satisfies the needs, 
then it is determined to be "OK". If satisfactory instrumentation is not identified in 
this initial review several contingencies are available: 

1). The required parameter range may be re-examined based on a review of the 
emergency procedures, core/containment assessment, and CHLA implementation 
information needs. That is, a parameter that covers the entire range generated by 
MAAP may not be necessary for successful severe accident management. 

2). Instrument manufacturer data may be reviewed to determine if extending the 
instrument range or environmental capability is possible. 

3). Instrument interpretation aids can be developed for diagnosing and 
interpreting failed or degraded instruments8

• 

4 ). Calculational aids can be developed as needed to augment instrument utility 
to allow the use of indirect parameters. 

In addition, some instruments may be "OK" even though they are not explicitly 
suitable or survivable. This is because the information needed is not an exact number, 
but "on the order or', or "about", or "rising/falling", and that degradation of the 
instrument accuracy may not be a concern. 

TRIAL APPLICATION 

This methodology was applied to two trial applications, one PWR (4-loop, 
Westinghouse design) and one BWR (BWR-5, Mark II). Information needs were 
identified using existing emergency operating procedures and information from the 
TBR, and parameter ranges and environmental conditions were determined by MAAP. 
The scenarios for the MAAP runs were chosen to provide harsh conditions that would 
challenge the existing instrumentation. Instrumentation was identified that would 
provide the information needs and then was assessed to determine its suitability and 
survivability. 

Results of the assessment indicate that existing plant instrumentation can provide 
the information needs where required during the various phases of severe accidents or 
alternatives are available to either directly or indirectly measure the required 
parameters. Not all of the plant instrumentation will work during all of the phases of 
a severe accident, but it was found that some of the information needs are not 
required for all of the phases. For example, one of the PWR RCS pressure 
transmitters will probably fail late in many accident scenarios, after vessel failure, but, 
after vessel failure, RCS pressure is not a necessary information need. 

The trial applications identified 12 potential information needs that are not 
satisfied by direct measurements. Of these 12 information need parameters, except for 
two parameters (containment hydrogen concentration and containment atmosphere 
temperature), alternative methods were easily identified to obtain the needed 
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041 • 24 information. The containment hydrogen concentration is monitored by post-accident 
systems that are designed to provide hydrogen concentration information at least into 
the early stages of severe accidents, and will actually work up to vessel failure in most 
cases. Alternative methods of obtaining grab samples for laboratory analysis are 
available. Also, accident mitigation actions could be developed for this case since, in 
severe accidents, hydrogen will be present; even if the exact amount is unknown. 

The containment atmosphere temperature is monitored by many temperature 
elements located throughout the containment. They are expected to survive for most 
severe accident scenarios. Extreme temperature is expected if no containment spray 
is available for a long period. In this case, the temperature elements provide 
information of severe conditions inside the containment until some point beyond their 
design limits, in most cases until after vessel failure (without containment sprays). 
Because of this, the temperature elements will probably be useful to help determine 
when the reactor vessel fails. It is worthwhile to note that the extreme temperature 
conditions will not be present if there is water addition (sprays) into the containment. 
Hence, water addition into the containment, a severe accident management strategy, 
is one of the options to increase the instrument availability. 

CONCLUSIONS 

The results of applying this methodology to two trial nuclear power plants, one 
PWR and one BWR, indicates that information needs for severe accidents are not 
extensive, that is, not many distinct options are required. There are some instances 
where plant instrumentation may not directly provide the required information or 
survive the harsh environment, but they provide the information needs when required, 
or there are indirect parameters that can provide reasonable information, or portable 
instruments can be used where necessary. 
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The Nuclear Regulatory Commission (NRC) initiated the nuclear power plant aging 
research (NPAR) program about 6 years ago to gather information about nuclear power 
plant aging. Since then, this program has collected a significant amount of information, 
largely qualitative, on plant aging and its potential effects on plant safety. However, this 
body of knowledge has not yet been integrated into formalisms that can be used effectively 
and systematically to assess plant risk resulting from aging, although models for assessing 
the effect of increasing failure rates on core-damage frequency have been proposed. 

The purpose of this review is to survey the work conducted to address the aging of 
systems, structures, and components (SSCs) of nuclear power plants (NPPs), as well as the 
associated data bases. The review takes a critical look at the need to revise probabilistic 
risk assessments (PRAs) so that they will include the contribution to risk from plant aging, 
the adequacy of existing methods for evaluating this contribution, and the adequacy of the 
data that have been used in these evaluation methods. A preliminary framework is identi • 
fied for integrating the aging of SSCs into the PRA, including the identification of needed 
data for such an integration. 

The major findings of this review are as follows. 

• The issue of aging in NPPs cannot be addressed by models that are based solely on 
the current PRA structure and failure rates, such as the proposed plant-level and 
component-level models [NUREG/CR-5510 (Vesely, 1990) and NUREG/CR-4769 
(Vesely, 1987)). SSCs that the basic PRA model neglects as having very small 
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failure probabilities and the principal degradation mechanisms, e.g., fatigue. 
embrittlement, and erosion-corrosion, must be considered. 

• Probabilistic models for degradation mechanisms would allow the effective use of 
information regarding the aging of SSCs, which is similar to that collected by the 
NPAR program. Failure-rate-based models cannot accommodate this type of 
information, which typically does not include significant numbers of failures. 

• Probabilistic models for the degradation mechanisms also would allow effective 
risk management strategies to be developed. For example, in probabilistic models 
for fatigue, the crack nondetection probability is an important input; the effect of 
taking steps to improve this probability could never be assessed in the context of 
failure-rate models. 

• The development of a methodology that includes aging mechanisms can build on 
existing PRA models, appropriately modified, as current external-event analyses 
do. 

Current PRA practice is reviewed to identify the underlying assumptions of plant 
modeling and data treaunent methods. This review considers PRA plant and system 
modeling, event-tree and fault-tree modeling and the underlying hypotheses and estimation 
techniques and the underlying assumptions of component failure probability. Based on this 
review, the PRA models and assumptions that need to be reassessed when aging effects 
may be present can be summarized follows. 

I. As a general practice, event-tree and fault-tree analyses of current PRAs do not 
include passive SSCs (e.g., numerous valve bodies, cables, reactor vessel supports, 
containment, piping, and the reactor vessel). The argument for doing so is that the 
failure rates for the passive SSCs are negligibly small. Although this argument 
may be reasonable when SSCs are new, a critical evaluation of this assumption is 
needed when the subjects of the investigation are older. 

2. The traditional PRA approach assumes a constant rate for each component failure 
mode, neglecting the possible effect of aging. 

3. Except for the failure rates of identical components that have been covered by 
common-cause failure analyses and by complete -state-of-knowledge correlation, 
the current PRA methodology does not model other kind of dependencies. Aging 
may introduce additional correlations of failure rates even among dissimilar 
components. 

4. Failure probabilities of events other than hardware failures (e.g., pre-accident and 
post-accident human error rates, component unavailability because of testing and 
maintenance, etc.) could be different for older plants from those for new plants. 
The current PRA methodology does not make such a distinction, and this should 
be investigated further. 

5. External-event analyses need to be revisited. For example, aging may cause a shift 
in seismic fragility curves and the degradation of fire barriers. 

The models and methods that are used to estimate the reliability of components and 
systems that are subject to age-related -degradation are reviewed; the linearly increasing 
failure-rate model (Vesely, 1987) is the primary model reviewed. The principal question 
that is addressed is "Under what conditions, or in what time interval of an aging 
component's life, a failure distribution derived from a detailed physical models leads to a 
failure rate that can be approximated reasonably by a linearly increasing function'?" To 
answer this question, we examine several models that have been proposed for three 
important degradation mechanisms (fatigue, radiation embrittlement, and stress-corrosion 
cracking). Each model is discussed and presented in terms of its objectives and its 
formulation. The assumptions made in the model formulation are presented, as is a 

. commentary on whether these assumptions can be considered valid under general 
conditions, and if they are not, under which specific condition they still may be valid. 

This review concludes that a linearly increasing failure rate model would not generally 
and unconditionally be applicable to many aging-related degradation mechaoisms. Even in 
the case where the damage accumulates linearly with time, the derived failure rate is, in 
general, a complicated function of time rather than a simple linear function. Further 
detailed modeling of the specific damage-accumulation mechanisms, as well as the 
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conditions that lead to failure, would have to be carried out to detennine whether, and 
under what conditions, or in what time phase of the life of a specific class of components, 
the model of the linear failure rate remains a reasonable approximation. The currently 
available infonnation is not sufficient for us to detennine whether the linear model is a 
reasonable approximation in the .life-time phase of interest for nuclear plant aging. For 
fatigue in particular, it is shown that. even though the damage accumulation resulting from 
fatigue may be (and commonly is in design applications) modeled as approximately linear, 
this model of linearly accumulated damage does not necessarily lead to a linearly 
increasing failure rate. 

A major drawback of directly assuming a form for the failure rate (linear or not), rather 
than starting from the formulation of physical models for the degradation mechanisms, is 
that the underlying physical phenomena and parameters are not even identified in the 
analysis. This masking of the physics of the problem can affect aging risk management 
significantly. For example, working only with failure rates does not allow one to evaluate 
and understand the effect of an improved crack-detection probability on the reliability of a 
pipe. The proper way to do this would be to work with physical models that deal explicitly 
with crack growth. 

The major advantage of tile linear failure rate model is its simplicity and ease of 
application. If it could be demonstrated that tllis model is a reasonable approximation to 
tile reliability of components experiencing age-related degradation, tllen it would be a very 
attractive choice. However, as stated earlier, for most of the degradation mechanisms of 
interest in nuclear plants, tile true range of validity of the model has yet to be determined. 
Beyond the issue of the model validity in providing a means of estimating reliability and 
risk. a limitation would still remain in the model's inability to provide estimates of the 
effect of specific aging-management strategies on the probability of failure of components 
subject to aging mechanisms of a known physical nature. · 

The plant-level risk model proposed by Vesely in 1990 and 1992 uses Taylor-series 
expansions to incorporate aging effects into PRA. This model relates the change in 
individual component unavailabilities because of aging to the change in the overall plant 
risk (usually the core-damage frequency) through a Taylor-series expansion of the basic 
PRA model that calculates this risk from component unavailabilities. The results of the 
analysis are used to evaluate the effectiveness of maintenance and surveillance in 
controlling aging and to direct resources to those SSCs that are most important to NPP risk. 
Our review of this model has led to the following observations. 

l. Aging may increase the importance of factors that had been judged as negligible or 
had not been accounted for in the basic plant-risk model. Most important in this 
regard is the possible increase in the failure probabilities of major passive 
components, such as the reactor pressure vessel and the reactor coolant piping. and 
of passive elements of active components, such as pump casings and valve seats. 

2. Even though the model is presented in terms of changes in component 
unavailabilities, the only contribution to the unavailabilities currently considered is 
that resulting from changes in the failure rates. In fact, expressing the model in 
terms of changes in failure rates would be more appropriate because various 
contributions to unavailability, e.g., that because of testing, would be explicitly 
included. In general, the failure rate would appear in several of these terms. 

3. Considering the effect of aging on risk through component unavailability is too 
restrictive because there are situations in which factors other than component 
unavailability may contribute to risk. For example, aging components (such as 
batteries) may reduce the available time for operator action during accidents, thus 
altering the probability of successful operator actions. More generally, any 
contributions that are analyzed based on the physics of the situation cannot be 
placed in this formalism. This includes seismic and fire analysis and Level 2 
phenomena. 

4. The restriction to component unavailabilities and failure rates masks the physics 
behind the various contributors to risk. thus inhibiting risk managemenL 

It should be noted that, notwithstanding the above observations, the idea of building on the 
existing PRA model to assess the effect of aging on plant risk is a good one and should be 
preserved as much as possible. 
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The data used in NPP aging analyses were reviewed. The data used in the NPAR 
program include generic and plant-specific operating experience, plant documents, test and 
research results, and expert.judgments. The most extensive data base used in aging-risk 
analyses is the TIRGALEX (Technical Integration Review Group for Aging and Life 
Extension) data base, which was developed at a workshop held in May 1987 (Levy et al., 
1988). This data base, which was used in studies by Vesely et al. (1990 and 1992) under 
the NPAR program, provides the input necessary to evaluate (1) the risk significance of 
component aging (RSCA) and, hence, a component contribution to plant risk because of 
aging; (2) the risk significance of component aging and aging management practices 
(RSCAAMP); and (3) the effectiveness of current management practices of the industry for 
maintaining an acceptable level of plant risk in the presence of aging components. The 
overall objective of the TIRGALEX program was to set priorities for the aging evaluation 
of structures and components. Based on our review, we have the following observations. 

I. The TIRGALEX database was intended to provide more of a relative ranking of 
the aging features of the various equipment categories than absolute numerical 
values for aging of such SSCs. However, these numerical values are used 
extensively as they are an essential input in the linear-failure-rate model 

2. The data base is the result of unstructured expert-opinion elicitation procedures 
and, as such, is subject to the well-known location and variability biases (in other 
words, the values reported may be widely off the mark). Uncertainty ranges are 
not reported. 

3. The data base is intended to be used as a generic data base that reflects industrial 
experience. However, in many cases, the TIRGALEX expert panel has based its 
judgment on a few plant-specific studies. Moreover, all numbers in the data base 
are assigned without statements on uncertainty, which may raise further concerns 
regarding the validity of its use for generic purposes. 

4. Although test intervals, as well as inspection and repair probabilities, depend on 
the specific aging mechanism at work, no specific mechanisms are considered. 
This comment is related to our earlier observation, namely, that the use of failure 
rates alone masks the physics behind the various contributors to risk, thus 
inhibiting risk management 

The use of generic operating experience for identifying aging mechanisms also is reviewed. 
There are four principal conclusions. 

1. No single data source (such as LER, NPRDS, IEEE-Std.500) provides the 
necessary information to perform a thorough analysis of component aging. 

2. Although a combination of various sources may allow a qualitative evaluation of 
the failure modes, causes, and aging mechanisms. it is difficult to reach any 
quantitative conclusions. 

3. In many cases, additional difficulties in the data analyses have been introduced 
because some vendors, utilities, and manufacturers have been reluctant to provide 
the necessary information. 

4. Data from operating experience are not sufficient. in quantity or quality, for 
validating any of the proposed aging models (linear, exponential, or Weibull), and 
the uncertainties in the estimate of failure rates, and especially in the rate of change 
of failure rates, remain high. 

Very few analyses of plant-specific aging data have been conducted. One such analysis 
has been conducted by PLG Inc. to evaluate aging trends in equipment failure rates, 
maintenance rates, and maintenance duration. Data from maintenance records of two 
systems of a boiling water reactor (BWR) plant with 17 yr of operating experience shows 
some interesting results (Bier et al., 1991). Although there is a slight tendency toward an 
increase in failure rates for some components, there is also a slight tendency toward a 
decrease in failure rates for some others. These rather ambiguous messages regarding the 
trend of component failure rates with time support our thesis that there is a need for deeper 
investigation of the underlying degradation mechanisms. 

The existing physical models for aging mechanisms of passive components and the 
availahle, cfarn thM ne,r1ain rn th('"e models alsn are studied. Tn eeneral. the data reouired for 
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reliability physics-based models of passive componentS consistS of material properties and 
component stressors. The availability and quality of such data vary, depending on the 
particular component and/or mechanism being studied. However, for actual SSCs of 
interest in NPPs, almost no relevant data exist except for piping and pressure vessels. 

Our review indicates that, with respect to aging mechanisms, there is a large amount of 
information available in qualitative form that comes from operating experience. This 
information is panicularly important for passive components, where few actual failures 
have been observed, although degradation related to aging has been observed (Shah et al., 
1987). However, the immediate usefulness of this information in terms of quantitative 
measures of reliability and risk is limited because this information is qualitative in nature. 
Nevertheless, it is valuable because it provides insightS about which aging mechanisms are 
affecting which SSCs and the relative importance of these mechanisms. 

Based on the observations we have made on aging-related issues, we conclude that to 
adequately address the overall risk at an aging plant, current PRA methodology needs to be 
extended. This extension would be accomplished most expediently if the effect of aging on 
plant risk were assessed within a framework that was built on existing PRA models. Such 
a framework would allow the effect of aging on plant risk to be analyzed in a separate 
section of the PRA. This method of treating aging mechanisms "eitternally" is similar to 
that for other external hazards (e.g., seismic eventS, fires, and floods). This framework, 
shown in Fig. 1, consistS of three major parts: the selection of aging components and 
mechanisms, the physical modeling of selected componentS and mechanisms. and the 
integration of the findings from the first two parts into the PRA. 

The analysis starts with the selection of a set of aging SSCs and degradation 
mechanisms that are significant to plant safety. It is necessary to limit the scope of the 
analysis to a manageable size because physical models, such as those of probabilistic 
structural mechanics, involve complicated formalisms and require detailed information. A 
large number of componentS would render such an evaluation approach ineffective. 
Technical bases for the screening process include engineering judgment, operating 
experience, and risk-significance analysis. This part of the analysis yields a selected set of 
componentS and mechanisms for further investigation. 

The second part of the framework deals with developing physical models for 
estimating the failure probabilities of the selected componentS and mechanisms. Several 
such models could be suitable for our purposes (perhaps after suitable simplification), e .g., 
the software package PRAISE developed for the evaluation of failure probabilities 
resulting from component fatigue. For other aging mechanisms, such as erosion/corrosion, 
more work is needed to develop physical models more suited to reliability analysis. As 
shown in Fig. l, the inspection, test, and maintenance practices at specific plants directly 
affect the time-dependent component failure rates. These practices and their effect should 
be modeled explicitly in the analysis. · 

The third part of the proposed framework integrates plant aging into the existing 
PRAs. Based on the findings from the screening analysis and the physical models, the 
initiating events, event trees, and fault trees in the PRAs will be reviewed and updated. 
The modification of PRAs may include the addition of basic events to fault trees and/or 
constructing new event trees and fault trees. This proposed framework retains most of the 
basic structure of current PRA models. · 

The availability and adequacy of the data required for the proposed framework for 
aging-risk analysis are examined. Data sources that can be used in the process of selecting 
aging components and mechanisms · (the first part of the framework) include expert 
judgment, operating experience, and the results of existing PRA and IPE studies. 

A future TIRGALEX-like expert panel and workshop also could be useful in 
conducting the screening analysis. A formal evaluation of expert judgment should include 
structured procedures in the following areas. 

1. The selection of SSC aging-related issues about which the expertS will be queried 
2. The identification and selection of experts 
3. The design and execution of the elicitation 
4. The treatment of biases of experts and biases induced during the elicitation process 
5. The dependency among expertS 
6. The algorithms for aggregating expert judgments 
7. The treatment of \lnCertaintv 
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Figure 1. Aging-risk analysis. 

In addition, the whole process of formal evaluation should be documented carefully. The 
qualitative reasoning process in support of the expert judgment constitutes an important 
portion of the elicitation process and also should be documented in detail 

Operating experience can provide two types of information: actual occurrences of 
failures caused by aging and evidence or direct observation of component degradation as a 
result of aging. Sources of operating experience include data from the In-Plant Reliability 
Data System (IPRDS) sponsored by the NRC, the Nuclear Plant Reliability Data System 
(NPRDS) managed by the Institute of Nuclear Power Operation, the Licensee Event 
Reports (LERs), plant maintenance records, in-service inspection reports and Nuclear Plant 
Experience (NPE) repons. Among these data sources, LER and NPRDS are the two most 
frequently used for aging analyses. The NPE data base is similar to that of the LER, 
whereas the IPRDS data base is very limited and incomplete. 

When using generic data bases (such as NPRDS) in aging-risk analysis, one should be 
aware that they do not often contain information that is detailed and complete enough for 
drawing general conclusions. Events that are not of direct interest to the reporters are often 
overlooked or, at most, are roughly documented. The contents of the reports are often not 
detailed enough to allow aging-related root cause to be distinguished from other causes. 
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Plant-specific data generally contain more detailed information on the operational and 
failure history of specific systems and components. However, the major limitation of using 
plant-specific data in aging-risk analysis is that the number of incidents is often too small 
to reach a meaningful statistical conclusion, especially for plants that have only been in 
operation for a few years. 

This situation could be improved by emphasizing the root-cause analysis in the 
existing data bases (such as LER or NPRDS). In particular, guidelines should be provided 
to the plant personnel regarding the reporting of aging-related equipment failures. 

The results of plant-specific PRAs and IPEs can be useful for identifying components 
significantly affected by aging that are significant to plant safety. A recent study by Vesely 
(1992) on the prioritization of aging contributors and the evaluation of maintenance 
effectiveness is an example of such a use. As most PRAs and IPEs do not include passive 
components in their plant models, these would not be identified as risk-significant if the 
models were based on these data sources alone, even though some of these components 
might contribute significantly to aging risk. Consequently, it is important to note that the 
decisions made in the screening analysis should be based on sources broader than the PRA 
and IPE results. 

Also, an assessment of the availability and adequacy of the data needed for the 
development of models for the aging mechanisms (the second part of the framework) is 
conducted. Physical probabilistic models for estimating aging effects on component failure 
rates often require a large amount of data related to material properties and operating 
conditions. In the review of degradation mechanisms and associated models, a wide range 
of data sources is identified. 

For the aging mechanisms of fatigue and irradiation embrittlement, it is found that 
there is a wide availability of data related to the material properties associated with the 
physical modeling of these aging mechanisms. However, much of these data are presented 
in a conservative, deterministic framework, and it may be necessary to recast much of it in 
a statistical format so that probabilistic evaluations of the aging mechanisms can be 
performed. 

For fatigue, there are a couple of areas for which the available data may not be 
appropriate for component and plant-specific reliability analyses. Special care should be 
taken when selecting crack-growth data, which can be affected by environmental effects 
such as corrosion. Therefore, the environmental conditions under which a component is 
operating should be assessed to determine whether the available crack-growth data are 
applicable and, if not, further research may be necessary to provide data that is appropriate. 
Also, more crack-growth data in the ultra-low growth-rate regime below J0-6 mm/cycle, 
approaching the so-called fatigue threshold, may be needed because fatigue lifetimes for 
some components can be dominated by crack extension in this region. 

With respect to radiation embriulement, it appears that, for most plants, the surveil­
lance program provides an adequate supply of raw data to characterize the fracture 
mechanics parameters for a plant-specific vessel reliability study. However, for a proba­
bilistic treatment of irradiation embrittlement, it may be necessary to convert the fracture­
toughness data base into corresponding statistical data for stress intensity factors. Other 
areas of concern include the characterization of an initial flaw distribution and the extrapo­
lation of neutron exposure data from the surveillance capsule locations to the vessel wall. 
Flaw distributions that are used in the probabilistic fracture mechanical (PFM) analysis 
portion of a pressurized thermal shock (PTS) risk assessment can affect the overall results 
by several orders of magnitude, and thus, care must be taken to use a technically appropri­
ate flaw distribution when dealing with an integrity assessment of vessels with low upper­
shelf toughness behavior. 

Stress-corrosion cracking and erosion/corrosion are two damage mechanisms much 
less quantified and analyzed than fatigue and embrittlement Data and models related to 
stress-corrosion cracking and erosion/corrosion are mainly of fundamental, rather than 
engineering, value, and thus, it is concluded that both data collection and modeling 
research are needed before reliability analyses of components affected by these mecha­
nisms can be conducted. 
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l. INTRQDUCTION 

A rather critical problem to be faced in developing a safe strategy for the management of 
tritiated solid wastes is dealing with the outgassing property of tritium. Releases of tritium 
under elemental or oxide form may OCCltr from waste items at different temperatures and rates 
depending upon the nature of tritium bonds into the waste matrix as well as on its 
"contamination history". 

Apan from the commercial value of tritium its release from waste packages anyhow repre­
sents a risk of tritium exposure that cannot be accepted by shippers, store and disposal site 
operators as well as the general public. 

Consequently it is mandatory to carry out the detritiation of such wastes before their packag­
ing and storage or disposal. As and example, in France, at the CEN-Valduc the detritiation of 
highly tritiated steel wastes is cum:ntly practised either by sltrface thermal (800°C) or melting 
(1250"C) treatments Wider vacuum conditions. 

The same problem concerns a tritiated non metallic waste such as exhausted boron carbide 
(B4C) of neutron absorber rods used for the operating control of neutron flux in BWR cores. 
The tritium build up in such rods is the result of the 1g B isotope reaction with thermal neu­

aons leading to the formation of j Li (1g B + ~ n --> j Li + i He) which further reacts with 

fast neutrons to form : H ( j Li + ~ n (f) --·> i He + i H + ~ n (t)). A second important 

contribution to 1H build-up results from the 1 g B reaction with fast neutrons 

(
1g B + J n (f) --,4 He + : H), whereas it is negligible that of 'J B. 

The tritium inventory accumulated in each rod is obviously proportional to the average 1g B 
burn-up. 
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In the boron carbide control rods from the LINGEN BWR [I] after about three years of op­
eration (bum up -43%) a tritium inventory of 23 MBq (0.85 Ci) pe( rod has been evaluated 
corresponding to a total tritium inventory of 1.35 GBq ( -50 Ci) per rod assembly (60 B4C 
rods per assembly). 

According to the results of radiochemical analyses on samples taken from irradiated B4C 
rods, tritium generated by neutron reaction (1) was essentially retained in the B4C matrix 
(-99.99%) with only negligible fraction in fill gas and cladding. This is also confirmed by the 
results of laboratory scale research, showing most of tritium is retained in irradiated (dry) B4C 
below 650"-700"C(l,2] . 

.2. CONCEPTUAL ASSESSMENT OF PROCESS FEASIBil,ITY 

2.1 Objectives 

The objectives of the srudy are to demonstrate the feasibility of two processes aimed ai: 
i) Reducing to the maximum practicable extent the level of tritium contamination in such 

waste. The disposal of removed tritium has then to be carried out 
ii) Conditioning such wastes by compacting and converting them in a suitable form so that all 

the subsequent waste management are facilitated and may be done under more safe 
conditions. 

Once the technical feasibilities of such processes have been demonstrated on a laboratory 
scale, a further objective of this study is to provide relevant input parameterS and technical data 
needed for their scaling up to a pilot-plant 

22 Alternative Options 

As experimentally demonstrated, a thermal treatment based on the simple heating up to 900°C 
is sufficient to attain the first objective, i.e. the nearly quantitative detritiation of irradiated B4C 
provided some critical operating conditions are met [2]. This however does not give an answer 
to the question on how to subsequently process the detritiated B4C rods (about 3 m long) for 
conditioning and disposal purposes. 

Indeed. the simultaneous execution of both B4C detritiation and rod compaction processes in 
one step could technically be more effective and rapid, while the integration of two processes 
in one step could perhaps result even less expensive. 

At present the existing alternative process options that may be taken into account as potential 
candidates for detritiating and compacting purposes are the following. 
a) The formation with other suitable components of an eutectic having a melting point 

sufficiently lower than that of B4C itself (2450°C). 
b) The chemical attack by alkaline fusion (NaOH) in the oxygen stream at relatively low 

temperarure (700°C). 
c) The alkaline fusion (NaOH) as described in point b) in presence of specific carbon 

oxidising agent (MgO, BaO) in oxygen stream. 
d) The processes a, b or c in presence of a vitrifying agent. proportionally added to produce a 

final waste composite under the efficient disposable glass form. 

All the above processes would enable to convert at temperatures well below 2450°C tritiated 
B4C to a final partially or completely deaitiated waste composite, sufficiently compacted and 
more safely disposable than the brittle B4C cake (see below). 

To facilitate the practical application of the above detritiation and compaction process options 
the mechanical dismantling of rod assemblies (3.5 m height x 0.4 width) and the mechanical 
parcelling of each single rod (-3.0 m height x 0.047 m width) have to be envisaged. In this 
context one has to point out that the rod conditioning based on mechanical parcelling of 
tritiated rods and the subsequent simple containerization of resulting sections is unacceptable 
from the safety point of view. This is due to tritium which is not sufficiently immobilised in 
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the rod sections to minimise the risk of tritium exposures for shippers, store or disposal site 
operators and general population as well. 

2.3 Major Constraints 

The assessment of the major constraints that may be found in parcelling and processing 
irradiated B4C rods for detritiation and compaction purposes leads to the following 
comments. 

Mechanical Parcelling of B4C Rods 

The B4C of the BWR control rods is initially compaction vibrated into the cladding SS tube 
[1,3). Under the neutron radiation effect it is found to consolidate into a solid cake [3] that 
could be removed from the cladding rube only by a mechanical force. This consolidation, that 
initiates at very low burn up, is, in combination with the production of 4He, the major cause of 
the B4C swelling hence of the circumferential stress in the absorber tube and subsequently of 
its longitudinal intergranular stress corrosion cracks [3]. Despite the consolidation attained 
during neutron absorption, the B4C cake still remains brittle owing to the cracks produced in 
the B4C original grains that increase as the burn up increases. Therefore the preparatory me­
chanical parcelling of irradiated B4C rods (e.g. cutting, sawing) that is necessary to facilitate 
their processing becomes a critical and dangerous operation. This is essentially due to the 
brittleness of the irradiated B4C cake that will cause, during any parcelling operation the pro­
duction of powdered tritiated materials and their consequent dispersion inside the rod dis­
mantling facility. 

Heating and Melting 

- Most of tritium has been demonstrated to be retained in irradiated B4C heated below 650-
7000C (2). Tritium starts to release at 700°C, a nearly quantitative outgassing of tritium 
from irradiated B4C being achieved only at 900°C provided some specific operating 
conditions are met. Undoubtedly this shows evidence that tritium is rather firmly trapped 
and bounded (C-3H, Li.3H) into the irradiated B4C matrix. 

- As shown by some experimental results [2] at temperatures above 700°C the oxygen 
inhibits the release of tritium from heated B4C by forming a glassy coating of B203 on the 
sample surface so that the funher reaction of B4C with oxygen is also inhibited. This is the 
reason why the B4C heating atmosphere must be carefully purified from oxygen. Note that 
above 1300°C the B20:3 volatilizes so that an adequate trapping system has to be provided if 
this temperature is exceeded, as it could be required to complete tritium release or to melt SS 
clad4ing sections. 

- To simultaneously perform both B4C detritiation and absorber rod compaction a melting 
treatment has to be applied which would also entail the SS rod cladding sections. 
Obviously the required temperature to be attained for these purposes must not be so high 
as to make difficult and too expensive the future industtial scaling-up of the dettitiation­
melting plant The application of this option to the B4C rods alone appears to be difficult 
mainly because of the too high melting point of the pure B4C (2450°C). The formation of 
a ternary eutectic of significantly lower melting points is therefore a more convenient 
option to be experimentally explored. 

Chemical Anack by Alkaline Fusion 

- The chemical of B4C by alkaline fusion at 700°C in atrn0spheric air leads to the production 
of sodium borate with a non negligible amount of CO2 (approx. 19 dm3 per B4C rod) in 
which tritium is diluted. This indeed will require a more sophisticated system for removing 
tritium if C02 is present with tritium in the entrainment aanosphere. 

- The chemical attack does not entail the SS rod cladding as it is expected in the case of an 
eutectic formation. Therefore after such a process the compaction of a B4C absorber rods 
appears to be still incomplete due to the presence of unreacted cladding sections. On the 
other end the melting at 1400°C of SS sections will entail the volatilization of B203 (see 
before). 
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2.4. Preliminary Conclusions 

- The process option that will be firstly investigated to set up the most suitable conditions for a 
thermal processing of aitiated B4C rods is the formation of a ternary alloy eutectic with Fe 
at a temperature far lower than the melting point of B4C (2450°C). 

- The formation of the above ternary eutectic should also enable the melting of the SS 
cladding of the rod simultaneously with the B4C cake. The main advantage of this option, 
whose performance requires however an experimental verification, is that of eliminating the 
need of a preparatory mechanical parcelling of B4 C rods. 

- The above process has to be carried out in a carefully oxygen-free entrainment aanosphere 
on to avoid the B20:! formation on the B4C surface, hence ttitiwn retention in irradiated B4C. 
Furthermore the absence of CO2 will enable the use of a relatively simple gaseous 
detritiation system for removing tritium from the entrainment aanosphere . 

3. LABORATORY EXPERIMENTS 

3.1 Selection of the Ternary Eutectic 

It is worth to remember that the main objectives of the present experimental investigation are at 
first to chemically decompose the boron carbide to ensure the complete removal of tritium and 
secondly to melt the SS cladding to avoid the individual parcelling of B4C rods. 

It is known from the literarure[4] that the boron carbide can easily react with iron and iron 
carbide at l 000. llOO°C to produce iron borides. 

The possibility of achieving the first objective is supported by the existence of some eutectics 
of different compositions. As shown in Fig. 1 taken from Ref.[5] where the phase diagram of 
the Fe-B-C alloy is rei,orted the Fe,C-Fe2B binary eutectic melting at l 155°C as well as the 
(Fe:3C-Ft2B)-(Fe-B)-(Fe-C) melting at 1100°C can be formed. Note that the former eutectic 
participates with Fe-B and Fe-C eutectics to the formation of the latter one. 

As indicated in the phase diagram of Fig. l, this latter eutectic has an elemental weight percent 
composition of 95.5 - 3 - 1.5 for Fe - B - C respectively. 

On the other end several other eutectics existing between Mn, Ni, Cr and B or C and melting 
at temperatures lower than 1550°C [6-7-8] let us anticipate that at the iron melting point also 
the component of the SS cladding (AISI 304), which is under a molten state, will further 
contribute to the B4C decomposition by formation of borides or carbides. 

3.2 Preliminary Exploratory Tests 

According to Section 3.1 the preliminary tests concerning the B4C decomposition have been 
based mainly on the formation at 1100°C of the Fe-B-C ternary alloy eutectic. This will be 
implemented by contacting solid B4C with previously melted cast iron. 

Samples 

Based on the elemental percent composition of the Fe-B-C ternary eutectic described at 3.1, 
boron carbide, cast iron (UNI 5007) or elemental iron (ARMCO) and SS (AISI 304) have 
been utilised to prepare samples for melting tests. The components have been mixed 
according to the weight proportions indicated in Table 1. 

The first two components were under a powder form while the AISI 304 was added either as a 
steel wool (tests No.3) or a steel tube section of 5 mm ext. diam. x 0.5 mm thickness (tests 
No. 4and 5). 
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Equipment and Operating Conditions 

- All experimental data are given in Table I. 
- Except for the tests No. I, alumina crucibles were used in all other experimental tests. 
- Except for the test No. 4 where an induction furnace has been used, a standard elecaical 

resistance furnace has been utilised for all other tests. With both type of furnaces working 
tcmperarures did not exceed 1550°C. 

- Except for the test No. 4 carried out under vacuum, all other tests were performed under 
helium stream. 

- No more than a maximum total of 7 hours, have been initially spent for each melting test. 
One has however to point out that for last two tests carried out in presence of the AISI 304 
tube only few minutes were necessary to obtain a homogeneous melt (eutectic) at 
approximately 1550"C. 

3.3 Discussion of Preliminary Results 

- Two types of crucibles were utilised for these preliminary tests. The porcelain crucible does 
not show any resistance to the chemical attack of the Fe:iC+B4C mixrure. Probably owing to 
this attack it becomes brittle and it will break in many pieces. 
As to the Al203 crucible, even if it apparently remains intact, some cracks of variable widths 
were visually observed on its external surface. Thermal shocks are probably the explanation 
of these cracks. 
As far as the materials of crucibles are concerned it is perhaps worthwllile to remember that 
according to the available bibliography [4] the B4C will react at 1000 · ll00°C with Ti, V, 
Zr, Mo, Hf, Ta, W, Fe, Co and Ni with formation of carbides and borides. 
At higher temperatures also Pt and Pd are attacked. Only graphite exhibit an excellent resis­
tance to B4C at high ternperarures (4). 
The selection of a crucible material of an adequate resistance to the chemical attack of B4C at 
high temperarure is therefore a problem to solve. The option !bat will be investigated is based 
on the utilisation of a double crucible, i.e. a graphite crucible used as an internal liner of an 
external metallic crucible acting as a supporting container. The utilisation of a double 
crucible associated with an induction furnace are reported in Refs [ 10,11 ]. 
The use of an induction furnace appears to be the best choice as demonstrated by the very 
short time needed (see Table I) to go up with temperature and to obtain the ternary eutectic 
me!L 

- As reported in Table l, from tests No. 2 to 4 it ap~ that the amount of carbon introduced 
in the mixture by cast iron and B4C was exceeding the carbon proportion indicated by the 
eutectic composition from the ternary diagram of Fig. 1. This result could possibly explain 
the powdered carbon residue that nonnally has been, found together with the solidified mass 
obtained as the final product from tests No. 2 to 4. 

• As observed during tests No. 4 and 5 cast iron or Fe mixed with B4C do not give a 
homogeneous melt until the melting tempera~ of the SS is reached, i.e. until melted SS 
can contribute to the formation of the ternary eutectic that occurs in few minutes. 
The best evidence of this behaviour is obtained when SS is added to the ternary mixture (see 
in Table 1 tests No. 4 and 5) in form of a tube section of 5 mm ext. diam. x 0.5 mm 
thickness. This section is adequately positioned at the centre of the crucible with one end in 
contact with powder mixture of the two other components (cast iron or Fe+B4C). As the SS 
melting point (1400°C) is reached, the SS tube goes rapidly down into the crucible to form a 
homogeneous liquid mixture (eutectic melt). An identical behaviour has been observed also 
when a fraction of the B4C powder was filled into the section of SS tube instead of being 
totally poured into the crucible. 
According to these results it appears evident that also an entire B4C rod or a whole set of 
rods (i.e. rod assembly wing) could continuously be processed by pulling down each rod or 
set of rods into the crucible as their melting go on. The application of this option, which has 
the essential advantage of eliminating rod parcelling operations and consequently any 
associated radiological risks, is therefore to be experimentally verified. 
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4. LAB TESTS ON BN CRUCIBLES 

High temperature melting laboratory scale tests have been carried out by ENEA, in the frame 
of a collaboration contract with J.R.C., Ispra (Italy). 
The tests were perfonned in a high frequency induction furnace (110. KHz - 80 Kw). 
The aim was to carry out aging tests on some crucibles of BN (Boron Nitride) in order to 
verify the material capability of resisting stainless steel up to I 650°C. 
The crucibles of 'Hot Pressed' BN were supplied by the "Boride Ceramics" english company. 
The tests were carried out in presence of Ar (or N2, only for one test) fluxed as inen gas into 
a quartz tube (equipped with the crucible inside). An optical pyrometer as well as W-Re 
thennocouples were used for measuring the temperature inside the crucible. 
Both stainless steel only and a stainless steel (80%) and zirconium (20%) mixture were 
melted and heated up to 1650°C. 
The main experimental result was that the molten stainless steel does not attack the inner side 
of the crucible wall, while the molten metallic mixture (S.S.+Zr) attacks it, s ince Zr, at high 
temperature (-1600 °C) probably reacts with N (from the inner crucible surface BN) to form 
yellow ZrN (Zirconium Nitride-M.P.=2980 °C), which can give rise to an auto-crucible 
containing the molten metal. So in this case the crucible is slightly corroded all along the side 
and the bottom. Anyway, if the temperanire is kept under 1650°C (and even more when N2 
instead of Ar is used as inen gas), the corrosion level is very low. 
In any case the corrosion reaction seems to occur only when BN starts to volatilize 
(probably as B20:3) forming white fumes, as one can see during heating at high tempera­
ture. 
In addition a little weight loss of the crucible (together with the mass of molten metal) was no­
ticed during each test . 
Anyway, even if this last phenomenon has to be better investigated for confinnation, it has 
been demonstrated that BN is a refractory material very resistant both to thermal shocks and 
to the molten stainless steel up to l 650°C. 

5. CONCLUSIONS 

• After the encouraging results obtained from some exploratory tests the Ispra approach to the 
problem of treatment and conditioning of tritiated B4C rod assemblies is oriented to 
continue tests on the melting process at 1500-1600° C in absence of oxygen. The peculiar 
interest of this process is due to the simultaneous melting of B4C and SS (cladding balls 
and supporting material of the wings) in presence of iron or cast iron to form a ternary 
eutectic. 

• The formation of a ternary eutectic with the contribution of SS cladding and supporting ma­
terial of the rod assembly wings will enable to avoid the dismantling of the wings and the 
successive parcelling of each rod. 

• A careful set-up of process conditions and equipment is required. The equipment will 
consist of an induction furnace with a controlled atmosphere and an "ad-hoc" system 
capable of supporting the assembly wing(s) over the crucible and always in contact with the 
melt. To this end the above system should provide the possibility of lowering the wing(s) 
into the melt as their melting proceeds. 

• The chemical composition of final solid product of the melting process should be deter­
mined. These data are necessary to assess their compatibility with specific features of the 
final waste composites required by transport regulations and acceptance criteria of German 
disposal sites. 

• After setting up operating conditions experimental tests involving at first tracer level tritiated 
B4C and then neutron irradiated B4C are to be envisaged to check the dettitiation 
performance of the melting process. 
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Table I - Operating conditions and equipment utilized for preliminary experimental tests simulating the melting 
of B4C rods under a controlled gaseous atmosphere. 

Test Mixture ComponentS (g) Type of Melting conditions 

No B4C Iron AISI 304 J Crucible Furnace oc Atm 

I 1.50 39.5' Porcellain SEF 6 1250 He 

2 1.50 39.61 Al20:l SEF 1250 He 
1550 He 

3 1.55 34,91 4.0' Alz0:3 SEF 1250 He 
1550 He 

4 2.0 39.6' 4.os Al20:l F7 1550 VIIC. 

5 1.55 34.2 2 5.os Al20:3 SEF 1550 He 

(1) Cast iron, UNI 5007. 
(2) Elemental Fe (ARMCO). 
(3) Max C 0.08 w%; max Mn 2 w%; Si I w%; Cr 18-20 w%; Ni 8-12 w%. 
(4) Under metallic wool form. 
(5) SS wbe (S mm ext.diam. x O.S mm thick). 
(6) Standard Eleclrical resistance Furnace. 
(7) Inductioo Furnace. 

Remarks 
Time (h) 

7 Complete melting Chemical attack 
of crucible 

3 Complete melting; Same crucible 
4 cracking. Carbon powder residue. 

3 Up to 12500C SS remains un-
4 changed. Omogeneous melt at 

15500C. Carbon residue 

0.16 After 1050"C cast iron and B4C 
(10') give a granular red-hot ~roduct 

without melting. Homo eneous 
melt at 1550°C. Carbon residue 

0.33 Homogeneous melt at 1550°C. 
(20') No carbon residue. 

Melting points: B4C = 2450 •c 
= 1535 •c 

1400 •c 
= 1130•c 

Fe 
AISI 
Cast Iron 

------- -----------
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Figure 1 Fe-B-C phase diagram 
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termined, transformations in 
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USE OF SENSITIVITY ANALYSIS IN SELECTION OF UPGRADF.S FOR LOW 
SEISMIC CAPACITY COMPONENTS FOR TIIE ADVANCED TEST REACTOR 

S. T. Khericha, S. A. Atkinson,' D. M. Henry,2 and M. K. Ravindra3 

1Idaho National Engineering Laboratory 
Idaho Falls, Idaho 83415 

~enera LP 
Idaho Falls, Idaho 83401 

3EQE International Inc. 
Irvine, Ca. 92715 

INTRODUCTION 

The Advanced Test Reactor (ATR) located at the Idaho National Engineering 
Laboratory site is one of several Department Of Energy research or production reactors. 
EG&G Idaho has been assessing the core fuel and spent fuel damage frequency from the 
internal and external events using the Probabilistic Risk Assessment (PRA) technique. As 
part of the on going PRA for this reactor, a comprehensive and efficient seismic analysis 
was performed to evaluate the impact on the core and canal fuel damage frequency. This 
paper discusses the results of an extensive sensitivity analysis which provided a strategy 
for plant modifications. 

An extensive sensitivity study was performed. Non-seismic failures did not contribute 
significantly to the total fuel damage frequency for seismic events. The bulk of the risk 
was due to certain low capacity components. First, a reduction in core fuel dam<!ge 
frequency was estimated for an individual component. The component was assigned a very 
high median capacity then fuel damage sequences were reanalyzed. Except for the 
overhead fire water injection tank and surge tank, upgrade of an individual component did 
not produce any significant reduction in core fuel damage frequency. However, when 
several selected components were assigned a very high median capacity at the same time, 
significant reduction in core fuel damage frequency was observed. The seismic failure 
modes were later evaluated to estimate the cost effectiveness of upgrading low fragility 
components to the high median capacities. 

The key elements of seismic PRA are seismic hazard analysis, seismic fragility 
evaluation of structure and equipment, systems and accident sequence analysis and seismic 
risk quantification. The steps involved in the fragility evaluation were review of the plant 
design and seismic qualification information, plant walkdown, a simplified seismic 
response analysis to estimate realistic floor response, and estimation of the fragility 
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parameters for structures and equipment. 

DESCRIPTION OF THE PLANT 

The ATR is a 250-MW(t) test facility located at the INEL. The ATR, which began 
operation in 1968, has a smaller core, higher power density, lower primary coolant system 
(PCS) pressure and temperature (350 psig and l 70°F), and greater ratio of coolant weight 
to power, than typical commercial pressurized water reactors (PWRs). 

Designed to study the effects of intense inadiation on samples of reactor materials, 
the unique cloverleaf shape of ATR's 1.2-m high core provides positions for nine in-pile 
tubes (flux trap positions), and numerous smaller irradiation locations. The lobes of the 
cloverleaf core allow different power levels to be established at various lobe positions. 
Separate loop systems for each in-pile tube provide coolant at the experiment's designated 
temperature, pressure, and flow rate. A comparison of the A TR to a typical commercial 
PWR is presented in Table 1. 

The top of the A TR reactor vessel is located at ground level, and two floors below 
house PCS pumps and heat exchangers, switchgear, loop systems, and other equipment. 
Framed with structural steel, the confinement structure above the reactor is designed as a 
barrier to radionuclide release into the atmosphere. 

The ATR original design was to 1960 Uniform Building Code (UBC) Zone 2 
provisions. But some supporting systems were built in the 1950's. Some of the structures 
and components were later evaluated for a safe shutdown earthquake (SSE) of 0.24g. It 
is planned that the A TR will remain in operation through the first decade of the next 
century, so an assessment of the additional risk posed by earthquakes is in order. The 
seismic accident sequence analysis performed for the A TR includes a unique fault tree 
based treatment of seismically induced fires and floods. · 

METHODOLOGY 

In this seismic PRA, methodology suggested in Reference (1) was used to estimate the 
frequency of fuel damage at A TR. For the hazard analysis, A TR site specific hazard 
curves were not available. Therefore, The EBR-II site specific hazard curves were used2• 

The EBR-II is located at the INEL site approximately 25 km east of the A TR. Plant safety 
systems and operating procedures were reviewed to develop the seismically induced 
sequences that could result in fuel damage. The core fuel damage event tree for the 
seismic initiating event is based upon the loss of commi;rcial power event tree modeled for 
the Level 1 PRA and includes explicit modeling of seismical! y induced. loss of coolant 
accident (LOCAs)3

• 

The system fault trees created for the Level 1 A TR PRA were modified using the 
guide lines provided in Reference 4. Then seismic failure modes were added for all major 
components and structures, e.g., pumps, tanks, block walls, etc. The fragility analysis 
included review of the plant design and seismic qualification information, plant walkdowns, 
and a seismic response analysis to obtain realistic floor response. Using the hazard curves, 
seismic fragilities and non-seismic unavailabilities, sequences were quantified to estimate 
the fuel damage frequency and its uncertainty. 

SENSITIVITY ANALYSIS 

An extensive sensitivity analysis was performed on selected low capacity components 
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[high-confidence-low-probability of failure (HCLPF) < 0.3 g). Since seismic fragility of 
the components depend on level of earthquake, it is not possible to generate an importance 
list of components using conventional methods. Several components were selected from 
the low seismic capacity components (HCLPF < 0.3 g) for sensitivity analysis. More 
than 70% of the total core damage frequency due to earthquakes results from seismic 
failures of these components. From experience gained during the internal events analysis 
of the ATR PRA, these components were judged to be highly important. The contribution 
from the high seismic capacity components to the total seismic core fuel damage frequency 
is less than 1 % ; therefore, no sensitivity analysis was performed on these components. 

The following ten sensitivity studies involving seventeen seismic basic events were 
performed in order to determine how changes in the probability values of certain seismic 
failure modes effect the results of the seismic analysis: 

Case 1 Battery-backed Power 

The event representing seismically induced failure of the battery charger and Utility 
uninteruptible power system (UPS) bus was set to a high fragility, i.e., the median capacity 
was assigned to 2.0 g. The sequences were requantified. No significant effects resulted 
on the total seismic core damage frequency. 

Case 2 Bldg 609 480V Commercial-Diesel Power Buses 

Loss of these buses results in the failure of both low pressure demineralized water 
pumps and the A TR instrument air compressors. The event representing seismically 
induced failure of these buses was assigned a high fragility i.e., median capacity was 
assigned to 2.0 g. The sequences were requantified. No significant effects resulted on the 
total seismic core damage frequency. 

Case 3 Fire Water Injection System (FIS) Diesel Pump DaY.fanks 

No significant effect was found on the total seismic core damage frequency when the 
seismic basic events representing failure of the fuel oil daytanks for the diesel firewater 
pumps were simultaneously removed from the core damage sequences by setting median 
capacity 2.0 g. 

Case 4 FIS Diesel Pump Starting Batteries 

The events representing seismically induced failure of the starting batteries for the 
diesel firewater pumps were simultaneously set to a high fragility, i.e., median capacity 
was assigned to 2.0 g. The sequences were requantified. No significant effects resulted 
on the total seismic core damage frequency. 

Case 5 FIS Ground-level Tanks 

No significant change in the total core fuel damage frequency was observed, when the 
basic event representing seismic failure of the ground-level firewater storage tanks was 
assigned a median capacity of 2.o g. 

Case 6 Overhead Firewater Storage Tank 

A high median capacity of 2 g was assigned to the event representing seismical! y 
induced failure of the overhead firewater storage tank. The sequences containing this basic 
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event dropped below l.OE-7/yr. Thus, if the tank was made completely reliable (with 
respect to earthquakes), the risk from seismically initiated fuel damage would drop roughly 
27% . 

Case 7 Nitrogen Tanks in VVS 

When two seismic basic events representing seismic failures of the nitrogen tanks for 
the reactor depressurization system were assigned median capacity of 2.o g, the total core 
fuel damage frequency was reduced by 21 %. 

Case 8 32 V de PPS Batteries 

The event representing seismically induced failure of PPS batteries was set to high 
fragility, i.e., median capacity was assigned to 2.0 g. The sequences were requantified. 
No significant effects resulted on the total core damage frequency . 

Case 9 Surge Tank 

The event representing seismically induced failure of the surge tank was eliminated 
by assigning a high fragility, i.e., median capacity was assigned to 2.0 g. The sequences 
containing this basic event dropped below l.OE-7/yr. Thus, if the surge tank was made 
completely reliable (with respect to earthquakes), the risk from seismically initiated fuel 
damage would drop roughly 46% . 

Case 10 Seismic Events Initiated Fire and Flood 

When these two events were removed individually, the total seismically induced fuel 
damage frequency decreased slightly more than 4.7% and 3.8%, respectively. Next, both 
seismically initiated fire and flood events were given their computed fragilities, while the 
probabilities for water propagation through the floor of the diesel pit events were set to 
zero. The estimated seismically induced fuel damage frequency decreased only 1.2 % . 
Most of the contribution to the total seismically induced fuel damage frequency from diesel 
generator fires and floods is due to the failure of the backup diesel generator feeder cable 
and the loss of the PPS panels that support VVS actuation. 

However, when groups of components were lumped together, a considerable reduction 
in the total seismic core damage frequency was observed. 

Case 11 

The components identified in the first four cases were assigned median fragility of 2.0 
g for each. The total core damage frequency was reduced by less than 5%. 

Case 12 

In this case, the components identified in the first five cases were assigned median 
capacity of 2.0 g. The total core damage frequency reduced by 21 %. 

Case 13 

When components identified in the Cases 7, 8 and 12 were lumped together and 
assigned median fragility of 2.0g to each component, the total seismic core damage 
frequency reduced by 48%. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 



I 
I 
I 
I 
I 
I 
I 
I 

I 
I 

I 
I 
I 
I 

Case 14 

For this case, each component identified in the Case 9 and Case 13 were assigned the 
median fragility of 2.0 g. The total seismic core damage frequency reduced by 83%. 

Case 15 

In this case, each component identified in Cases 7 th.rough 10 and Case 11 were 
assigned the median fragility of 2.0 g. The total seismic core damage frequency is reduced 
by 87%. 

CONCLUSION 

Recommendations based on the results of the seismic risk sensitivity study were made 
to management and accepted by management and the Department of Energy for the most 
cost-effective seismic upgrades. The recommended upgrades were those associated with 
sensitivity cases 2, 3, 4, 7, 8, and 9. In addition, upgrades associated with Cases 1 and 
10 were already being planned and in engineering to relocate the Utility UPS and prevent 
flood propagation from the diesel pit in response to significant risk vulnerabilities 
associated with internal fire and flood sequences. Case 15, defined the seismic risk 
reduction associated with the combined effect of the recommended upgrades. All these 
upgrades have been completed except for the PPS batteries which are not a significant risk 
contributor and which will be replaced within a few years at their end of life. 

The upgrade of the surge tank lateral support was the top priority upgrade. An earlier 
evaluation had concluded that collapse of the surge tank would only result in a small loss 
of coolant accident (LOCA). Re-evaluation associated with the PRA concluded that the 
consequence of a surge tank collapse was uncertain and that rupture of the surge line and 
a large LOCA could result. Therefore, the previously discounted seismic upgrade was 
now strongly recommended. The upgrade was cost-effective in that the total cost was less 
than $60,000 which did not require a capital expenditure and could be covered by the 
facility operating budget. 

All the other recommended seismic upgrades were relatively cheap to accomplish since 
they required no significant material expense and only a small amount of engineering and 
maintenance labor hours. The total cost of the remaining recommended seismic upgrades 
is estimated to be less than $40,000. These upgrades do not include the Utility UPS and 
diesel pit upgrades which are considered separate from the seismic upgrades. 

Seismic upgrade of the firewater system ground level tanks and overhead storage tank 
were estimated to require significant capital funding, probably $300,000 to $500,000. 
Since the more cost-effective recommended upgrades produce the desired significant 
reduction in seismic risk, these latter upgrades were not recommended at this time. 
However, an effective upgrade of the firewater ground level tanks may be accomplished 
as part of an overall fue safety upgrade program. 

The seismic risk sensitivity study enabled the individual and combined affects of the 
dominant (low seismic capacity) components to be evaluated for the most risk-reduction 
effective and cost-effective seismic upgrades. As a result, a significant reduction in the 
estimated core damage frequency for seismic events, of 87%, was accomplished with an 
expenditure of less than $100,000. These actions helped to bring the total A TR PRA core 
damage frequency into an acceptable range comparable or less than that for other DOE and 
commercial power nuclear reactors. The application of the results of a PRA to define 
relatively low cost measures to significantly reduce the risk exposure to possible severe 
accidents is perhaps the greatest utility of a PRA. 
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Table 1. Comparison of A TR and PWR characteristics 

Reactor Operatin& Conditions 

Power MW(t) 
Core power density (MW /1) 
Operation pressure (psig) 
Inlet temperature (°F) 
Outlet temperature ("F) 
Primary coolant flow rate (gpm) 
Primary coolant weight (lb) 
Primary coolant weight/thermal power (lb/MW) 
Decay Heat (MW at. 10 s) 

(MW at 1 d) 
Fuel 
Total Uranium weight (lb) 

ATR 

250 
I 
355 
125 
170 

<48,000 
600,000 

2,400 
13 
1.3 

PWR 

2, 000-4, 000 
0 .1 
2,250 
550 
600 

300,000 
450,000 
170 
135 
19 

89 180,000 
93 2-4 Enrichment (% U-235) 

Configuration 48 in. long Al plates Zirc rods containing 
attached to side plates stacked pellets 

Matrix 
Fuel temperature {°F) 
Fission product inventory 

UAI, U02 

430 2,000-3,000 
60-d operation 10 times ATR 
at 250 MW 
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HOW SHALL WE MEASURE THE RELIABILITY 
PERFORMANCE OF A SAFETY SYSTEM? 

Per Hokstad 

SIN1EF Safety and Reliability 
7034 Trondheim 
Norway 

1. INl'RODUCTION 

The paper treats reliability measures for safety systems. We discuss the definition of 
overall safety measures that arc required IO be consistent, intuitively appealing and reflect 
the essential features of the system. 

As an example of a safety system (SS) we consider the shutdown system. of an 
offshore oiVgas production platform. This system has the following main component groups: 

• fire and gas detectors and other sensors (e.g. pressure switches) 
• the logic (here computerized) 
• actuating clements (e.g. valves that shut in by the occurrence of accidental events) 

1bc safety evaluation of this SS can start by calculation of the safety unavailability, 
i.e. the probability that the safety system docs not respond IO a specific accidental event 
The safety unavailability (SU) can be calculated for each component of the signal palh, 
starting with the scnsor(s) at the specified location, through the logic units and including 
all acruating clements to be activated by the occwrencc of the specific event This will 
provide the safety unavailability of the rota! SS related IO the specific event 

This approach provides a safety quantification figure (i.e. SU) for each of the signal 
paths of the system. Sevc:ral of these SU values can be different: Different voting can be 
applied to detectors .at various location, and the specific set of valves to be shut in can also 
depend on the specific event Further, the system will have detectors of various types (heat, 
flame, smoke, gas, pressure switch), and individual SUs will be calculated for each of these. 

Thus, in total a rather confusing picture can emerge from this large nwnbcr of SU 
figures. However, the question of managers and decision makers is whal is the safety of the 
in.stallarion? Therefore the reliability analyst will be requested to provide a single measure 
of safety in order to quantify the overall level of protection provided by the SS. 

The question arises: what arc appropriate features of such a measure? For instance, 
should the size of the installation affect the result? One question of some controversy is the 
relative importance of the various component groups (detectors, logic and valves). In the 
standard single path calculation of safety unavailability, described above, all clements of the 
signal path arc equally important Thus, the detector, the logic and the valves arc all given 
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the same importance. This conclusion is by many decision makers found counter intuitive, 
as they claim that the logic is the "heart" of the system, and therefore a safety measure 
should give higher weight to this than to detectors and actuators. 

Requirements for reliability measures of SS are given, and several measures will be 
suggested and evaluated. A specific reliability measure for SSs will recommended. 

This paper is based on experiences and result from the research programme Reliability 
and availability of computer-based process safety systems • PD:fAS, carried out by SIN1'EF 
and sponsored by six oil companies and five vendors of safety systems. 

2. REQUIREMENTS FOR RELIABILITY MEASURES OF A SAFETY SYSTEM 

The objective of this paper is to discuss the desired features and requirements of 
quantitative measure for the reliability of a safety system. The reliability measure shall 
primarily be used in the early design phase in order to measure the level of protection 
provided by the safety system. Thus, the objective of using this measure is for instance to 

• compare various design options, e.g. with·respect to system architecture or component 
redundancy, 

• come up with suggestions for cost effective improvements of the safety system. 
• decide whether safety system requirements (acceptance criteria) are met, 

The intention here is not to provide a measure for the total level of risk for the 
installation. Thus, a risk analysis of the installation, including a detailed consequence 
evaluation of accidental events, is definitely outside the scope of the analyses we have in 
mind. The evaluation of the performance of the safety systC)]l (SS) concentrate on loss of 
function of the system, i.e. unavailability of the system to shut in production on demand. 

Based on the alleged use of the safety measure given above, we present the following 
requirements/requested features for reliability measures of a safety system: 

R.1: ln"rpretation. The measure shall be intuitively appealing and easy to interpret 
also for persons not being experts in reliability analysis. 

R.2: Criticality. The measure shall reflect the degree of protection provide by the SS 
against events that represent a serious hazard to the installation only. It is stressed that this 
implies that the measure shall reflect whether other means of protection are available by a 
SS failure. When it is known that the primary system is unavailable, alternative means of 
protection that can be put into action, and the unavailability of the SS is less critical. The 
measure shall account for this. 

R.3: Importance of various component categories. The measure shall depend on the 
various components and component groups in such a way that the imponancc of these is 
balanced in a consistent way. Thus, the component groups (as CPU or sensors) shall be 
weighted according to their actual importance for the SS performance. The actual 
importance of a component is essentially given by how much of the system (e.g. the number 
of sensor locations) that is made unavailable when the component fails. This requirement 
is further discussed in Section 4.1 

R.4: OIIUtlll installation measun. The measure shall be single (one dimensional), and 
shall predict the level of protection for the tctal activity(mstallation. Io particular the 
measure shall aggregate the results for all types of safety scenarios, i.e. all types of 
accidental events, covering the various detection principles and various votings that are 
applied on the installarion. 

Observe that measures for safety only are considered in this paper, not measures for 
loss of production, i.e. trip failures. Measures of safety related to a specific accidental event 
are first discussed. Then measures for the overall installation arc consideted. 

R.S: Availability of input data. All input data required for calculating the measure 
must be easily available. 
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3. SAFETY UNAVAILABILITY 

Measures for loss of safety often refer to a specific scenario, initiated by a accidental 
evenL A basic measure is the 

Safety Unavailability (SU): The probability that a component (or SS) is not not able 
to carry out its intended action by the occurrence of a specific hazardous/accidental evenL 

3.1 Critical and noncritical safety unavailability 

The SS is said to be unavailable if one or more failures arc present, that will prevent 
the intended action (automatic shutdown) when demanded. Funher, part of the SS will be 
unavailable when it is bypassed due to testing or repair work. However, in this case it will 
be known that the SS is unavailable. This siruation will not necessarily represent a serious 
hazard. but rather requires some additional precautions, e.g. locating personnel in field to 
detect gas leaks and activate shutdown actions manually. Thus, the SU is split into 

Critical Safety Unavailability (CSU): The probability that the component (or SS) has 
an unknown (dormant) failme, pn:venting the system to react by an accidental evenL 

Noncrilical Safety Unavailability (NSU): The probability that production is going on 
and it is known that the safety system is unavailable, e.g. bypassed due to repair or testing. 

Observe that SU = CSU + NSU. The CSU is a fundamental parameter often denoted 
the Mean Fractwnal Deadlime':J. It is determined from component failure rates and length 
of the test pcriodu. More advanced models arc also developcd'·•.s.•. 

3.2 The CSU of a simple example system 

As an introduction to the discussion, consider the following part of a SS (Figure 1) with 
• 12 identical sensors (S1, S:i, ... , S1,), in different areas/locations 
• 2 identical input cards (I., I,), each receiving signals from 6 sensors 
• 1 Central Processing Unit (Q>U), handling sensors signals and initiating proper action. 

s,. 
'--' 

Figllre 1 Example ccnfiguratioll with 12 sensor locations 

CPU 
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Output cards and shut down valves are ignored here, and redundancy is not considered. 
Thus, we have a simplified SS, consisting of 15 components. Observe that failure of a 
sensor, S1, cause one location to be unavailable. The CPU will by failure cause all twelve 
areas to be unavailable, while failure of 11 and I. affects six locations. 

Let CSU(S) be the critical safety unavailability for a sensor, and let CSU(/) and 
CSU(CPU) be defined similarly. When these arc small the CSU of the SS is approximately 

CSU = CSU(S) + CSU(/) + CSU(CPU) (1) 
This expression illustrates that all components of the signal path: sensor, input card, CPU, 
(and actually also output card, actuator) must function for the total SS to function. 

4. MEASURES FOR LOSS OF SAFETY 

A few measures are now evaluated with respect to the requirements of Section 2. First 
we review some measures related to one type of accidental events only (say gas leaks). 

4.1 Evaluation of CSU 

Now consider whether the measure M1 = CSU, given in (!), meet the requirements. 
R.l Interpretation. The interpretation of M1 = CSU is rather straightforward. For 

inslll.llce CSU = 0.02 means that the system fails to perform its intended action in 1 out of 
50 demands. So CSU is the average fraction of demands, not resulting in an automatic 
shutdown. 

R.2 Criticality. According to this requirement CSU, and not SU, should be used as a 
measure for loss of safety, see Section 3.1. Thus, R2 provides no objection to the use of 
CSU as a safety measure. 

R.3 Importance of various component categories. As commented after equation (1), all 
component types of the signal path must function, and therefore we should conclude that 
they arc all equally important However, is it not the case that the CPU is much more 
important than a sensor? This are by decisions makers often considered to be a paradox. 
Our conclusion is as follows: 

• The CPU is demanded by every accidental event, and is from a safety point of view 
without comparison more important than a specific sensor or an input card. 

• All of the component types are equally important This means that if we either reduce 
the CSU(CPU) or the CSU(S) of all 12 sensors with the same value it will have the 
same effect on the SS safety. 
It is seen that the measure M1 are in agreement with both these statements. Funher, it 

follows that R3 can be made more specific: A reliability measure should give the same 
weight on all component groups of the signal path. As a consequence it will give highest 
weight to the component belonging to the group with the smallest number of components. 
Actually, it can be argued that the weight on the CPU should be even higher than follows 
from this rule, as the sensors at various locations provide some redundancy for each other. 

R.4 Overall installation measure. Evaluation of requirement R.4 leads to the following 
objection to the use of M1 = CSU as a measure for system loss of safety: 

. • Using CSU, it is required to give separate measures for loss of safety, related to each 
type of accidental event (gas leaks, fires). Thus, CSU will give no overall figure for 
the loss of safety, and requirement R.4 is not met by CSU. 

We observe that CSU does not take the size of the installation (no. of locations) into 
consideration; the CSU of a large installation will be identical to the CSU of a small one. 

R5 Availability of input data. The CSU requires a minimum of input data. The 
component failure rates must be estimated and the length of the test period must be given. 
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4.2 Alternative measures for one type of accidental events 

Two alternative measures for loss of safety (M2, M 3) are now evaluated. 
M,: Mean Number of accidental evenJs Between Failures (MNBF). The MNBF 

equals the inverse of the CSU, i.e. MNBF = I/CSU. Having MNBF = 50 means that in one 
out of 50 accidental events the SS fails to carry out the intended action. This measure has 
essentially the same features as CSU, and it could be a matter of taste whether CSU or 
MNBF are used. However, MNBF may have a slight advantage as interpretation is 
concerned (see R. l ). On the other hand, as seen from (1 ), quantifying the contributions of 
the various component groups is more straightforward using the CSU measure (see R.3). 

The next measures account for the size of the installation, i.e. no. of locations/measure 
points. Consider an installation with N locations (in the previous example we had N=l2). 

M,: Average number of unavailable measure poinis of SS. The mean number of 
locations where the SS would fail to operate by an accidental event equals M3 = N·CSU. 
Thus, M3 equals the average number of measure points "not covered" with respect to this 
type of accidental events. 

Obviously CSU and M3 give very much the same information. Actually, M3 has the 
same features as CSU, except that M3 is proportional to the size of the installation, 
demonstrating that a larger installation should pose a bigger threat to safety than a small 
one, due to a higher level of activity (see R.4). However, it is typically irrelevant whether 
we quantify loss of safety per measure poinr or per installation, and both measures CSU 
and M3 can be applied. An interesting question is whether acceptance criteria of a SS should 
be based on total installation safety or safety per location. We prefer the last option, 
accepting higher risk level for a higher level of activity. This is in favour of CSU. 

4.3 Overall measures for loss of safety 

Finally consider two overall measures meeting the objection raised to CSU in Section 
4.1, i.e. the measure should comprise all locations and all types of accidental events. 

M,: Probability that at least one failure is preseni in SS. Assuming no redundancy, 
the SS will fail to respond properly on demand in at least one of the locations unless the 
installation is completely free of errors. This measure is for some decision makers 
inruitively very appealing, and should be given a serious consideration. 

Referring to the example of Section 3.2, the probability of at least one failure being 
present equals the sum of all the 15 CSU of Figure 1. This gives 

M, = 12·CSU(S) + 2-CSU(l) + CSU(CPU) . 
Thus, choosing this measure, the sensors would get a much higher influence than in 
M1=CSU, and all 15 components are given the same weight. According to the discussion 
in Section 4.1, where requirement R.3 is detailed, we conclude that M, is not a good 
measure for safety. It does not take into consideration the number of measure points made 
unavailable by a failure. A sensor failure ma.king one location unavailable, is given the same 
weight as a CPU failure that makes all locations unavailable. 

· Introducing the next measure, let the safety of the SS be defined by a series of 
scenarios related to various accidental events. Scenario no. i (i=l, 2, ... K) has critical safety 
unavailability CSU1• Further, w, is a weighting factor for scenario i (summing to 1). 

M5: Weighted average of scenario CSUs. Based on the CSU of K scenarios let 
Ms= w,·CSU, + w2-CSU2 + ... + Wx·CSUI( (L;w,= l) 

Now evaluate Ms with respect to the requirements of Section 2. The interpretation of Ms is 
not quite as simple as that of M, (see R. 1) and will depend on how ·thew, are chosen. If the 
weights reflect the frequency of the various scenarios, M, is simply the probability of a SS 
failure by a "random" demand. In general the interpretation poses no serious objection to 
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the use of MJ as a safety measure. Also requirement R.2 is satisfied for MJ, 
In order 10 discuss the implications of requirement R.3, now consider a simple 

extension of the example presented in Section 3.2. Let there be both a gas (G) detector and 
a h.eat (H) detec!Or at each of the N= 12 locations, and consider K =2 scenarios, related co 
gas leak and fire respectively. Toe relative contributions of th.e various component typeS to 
the measure, MJ will then be given by (note w1+w2=1) 

MJ = w1·CSU(G) + w2·CSU(H) + CSU(!) + CSU(CPU) 
It follows that the contribution from the CPU is higher than that of a specific sensor type 
(gas or heat). Actually, the contribution to Joss of safety from the CPU equals that of ail 
the sensors (gas and heat). Generally R.4 should be specified so that this a required feature. 

R.4 was the reason for introducing M5, and this measure obviously meets this 
requirement. Toe main objection to this MJ is that reliable estimates of the w, are often 
unavailable (see R.5). The w, should be based on the frequencies and/or consequences of 
the various accidental events/scenarios. If this information is lackfug or difficult to quantify 
we suggest th.e following approach for choosing the weight fac10rs, w;, Classify each 
scenario inlO one of say 7 criticality classes, following for instance a TOV or DIN 192507 

classification scheme. Class I corresponds to minor damage and class 7 to major 
accident/high frequency. Then choose the weight factors as given below and normalize. 

Critic. class I 2 3 4 5 6 7 
Weight, w 0.05 0.05 0.10 0.10 0.15 0.25 0.30 

S. CONCLUSIONS 

Our recommendation is to apply the measure MJ. When information for identifying 
weight factors is lacking, these should be obtained by the rough approach indicale!i above. 

There is one objection that could be raised also to this measure. As mentioned in 
Section 4.1, the CSU could be given even a higher weight than is done in the recommended 
measures, since sensors in adjacent areas provide some redundancy for each other. 
Similarly, referring to the example in 3.2, observe that for instance M5 docs not discriminate 
between the following two failure events: 

• all 12 areas being "uncovered" for one day. e.g. CPU being unavailable 1 day 
• one area "uncovered" in 12 days, e.g. one sensors being unavailable 12 days. 

Again it might be argued that the first event is more serious. 
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THE USE OF RISK CONTOURS TO CLARIFY RISK 
COMMUNICATION 

T. Edward Fenstermacher, I Jerry T. Kopecek2 

IPLG, Inc. 
Suite 730 
1615 M Street, NW 
Washington, D. C. 20036 

2 Union Oil Company of California, d.b.a. UNOCAL 
UNOCAL Refining and Marketing Division-Wilmington 
1660 West Anaheim Street, P. 0. Box 758 
Wilmington, CA 90744 

INTRODUCTION 

No maner how well analysts perform risk assessments, the impact and information 
content may be lost if the results are not communicated effectively to the people who need 
to use the information. A considerable range of people may use the results of the risk 
assessment; these include other risk analysts, local authorities who may or may not 
understand risk analysis, and members of the local community who may be exposed to the 
risk. One way to communicate the risk in a meaningful way to this wide range of people is 
by using risk contours. In this paper we will discuss risk contours; what they are, how to 
detennine them, and how to use them to clarify risk communication. 

The consequences of an accident are not a simple scalar quantity, but include a wide 
range of different effects, and different levels of these effects, at different locations. While in 
this paper we will focus on just one type of event, a toxic release from a chemical plant, and 
one type of consequence, the exceedence of the second Emergency Response Planning 
Guideline1 (ERPG-2) level, the concepts presented here can be easily extended to other 
types of plants and consequences. 

RISK CONTOURS 

As mentioned above, the risk of a particular type (e.g., exceedence of the ERPG-2 
level), either from a single scenario or from a group of scenarios, is a function of the 
location of the receptor relative to the plant. The two primary things that affect the risk are 
the distance of a particular receptor from the plant and the direction from the plant to the 

I Emergency Response Planning Guidelines, American Industrial Hygiene Association, May, 1992. 
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receptor. For most, but not all, types of releases, the consequences decrease with increasing 
distance from the plant. They also vary with the frequency with which the wind blows in a 
given direction, and with other meteorological parameters: wind speed, atmospheric 
stability, and temperature. If we can use dispersion and meteorological information to 
determine the frequency with which a given consequence level will occur at various 
locations around the plant, we can then draw isopleths of equal frequency on a map of the 
plant site. These are risk contours. 

Determining Risk Contours 

The first step in the construction of risk contours is to determine the size and shape of 
the area where the limiting condition, in this case ERPG-2, is exceeded. The plume 
exceedence area for a release consisting of a 0.25 inch valve break on a one-ton chlorine 
tank is shown in Figure l. These areas are determined for a variety of wind speeds and 
atmospheric stability combinations. (The ambient air temperature can also be varied if it will 
affect dispersion.) For dense gas releases, the areas are found using the QCRR 
(Quantification of Consequences of Chemical Releases) computer program, which models 
the release, evaporation and dispersion of heavier-than-air and neutral buoyancy vapors and 
aerosols. QCRR output includes the chemical concentrations resulting from an assumed 
release as a function of time and position. The output from the QCRR runs is processed 
using the FUTPR.INT computer program. FUTPRINT (for FooTPR.INT, the approximate 
shape of contours of constant concentration from a continuous plume) computes the ratio of 
the maximum IO-minute (or other time period) average concentration to the specified 
concentration limit as a function of the distance downwind from the release point and the 
distance from the centerline of the plume. A simpler program, ELREL (for ELevated 
RELease), is used in place of QCRR and Fl.,'TPRJNT for buoyant or elevated neutral 
releases. ELREL uses a Gaussian plume dispersion model, taking buoyancy ( and optionally 
momentum) driven plume rise into account while determining the ground concentrati<;ms of 
the chemicals released. 

1000 0 
JOOO '"' 

---------,.-.-... -... ---.... -. --------<e,,.=-<! ~-:=.:~· 

Figure I. Plume exceedencc area for the sample release at F Stabili1y and a wind speed of0.9 mis at the 
ERPG-2 level. 
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In program RCONTOUR (for Risk CONTOUR), the frequencies of various 
combinations of wind speed, atmospheric stability, wind direction and temperature, if it is 
varied, are read from a joint frequency table. Rules are set up to determine the treatment of 
meteorological categories which have no corresponding dispersion results, with the 
objective of making sure that the treatment is conservative. Such a rule might be to use the 
next lower wind speed group or to use B Stability in place of A Stability for a missing run. 
This process results in an array of 16 frequencies for each dispersion case, corresponding to 
the 16 directions in the joint frequency distribution. For each dispersion case /, the angular 
half-width of the plume at the concentration limit is determined for each distance in the 
original run. These values are used to interpolate values for the angular half-width of the 
plume, ai(r), at each distance on the grid used for the contours. Let a point where the 
frequency will be determined be located at distance r and angle B from the North. Also, let 
the frequency of the wind for dispersion case / and sector k be given by fk. The frequency 

density of wind in direction ¢ for dispersion case / is then: 

F:,("')= 8/,, • (k - 1),r !.lb<':!!. . 
" tr 8 . 8 

(I) 

The frequency with which dispersion case/ contributes to exceedences at (r, B) is 

( ~ 19-a.{,) { } p, r, B1 = F, ¢ dip . 
6-a,(,) 

(2) 

The total frequency of exceedance of the concentration limit is thus 

P(r,B)= LP1(r, B) . (J) 

After this procedure has been followed for each run, a mathematical map exists of the 
risk of exceeding the concentration limit· given that the release occurs. These are known as 
conditional frequencies. The final step is to multiply these conditional frequencies, tabulated 
for each release scenario, by the corresponding frequencies, and add them together. This 
produces a corresponding mathematical map of the risk from all of the releases taken 
together. A map is now drawn by computing the contours of equal frequency on that 
mathematical map. A sample of such a map, using the chlorine release cited earlier and 
meteorology typical of Southern California, is shown in Figure 2. 

Shape of the Risk Contours 

We expect that the risk contours will have irregular shapes. If the wind blew with the 
same frequency in all directions, we know that the contours would all be circles. Since it 
doesn't, we expect that contours will go out further in the directions where the wind blows 
most frequently. This is true for the highest frequency contours. A contour that is within a 
factor of one hundred of the total accident frequency is likely to be highly directional. On 
the other hand, low frequency contours tend to represent the worst that can happen. Thus, 
if the worst case combination of wind speed, stability, and temperature ever occurs in a 
given direction, the low frequency contours will show this by tending to be circular. Thus, 
for a given release or set of releases, the lower the frequency of the contour, the closer to 
circular it will tend to be. 
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Excu"lpfe of R:isk Contours ot the ERPG- 2 level 
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Figure 2. Risk contours for the chlorine tank line break reference case, using meteorology typical of 
Southern California. The plant site and surroundings shown arc hypothetical. 

Another phen_omenon occurs with some risk curves that at first appears impossible. 
This is for a contour to appear separate from the main contour surrounding the source. This 
occurs due to the fast spreading of the plume in the crosswind direction, usually due to 
gravitational spreading of dense gas releases. Thus, a region further away from the origin 
may have a higher probability of being exposed to the limiting concentration than a closer 
region in the same direction. The closer region will exceed the limit by a greater factor but 
that will not show up on the risk contour plot (except at a higher concentration limit). 

RISK COMMUNICATION USING RISK CONTOURS 

Risk contours provide a useful way to look at the risk from a plant or operation. 
When planning the layout of a new plant, a set of risk contour maps allows the responsible 
engineers to determine a layout which minimizes the risk impact of the plant. When a 
change in the plant operations is planned, risk contours can show the change in the risk, 
whether positive or negative, in the vicinity of the plant. For an existing plant, they give a 
picture of the total risk from the plant, both within and outside the plant boundary. 

For local officials, the risk contours show the impact of the plant on the total risk of 
accidents in their community. When the plant manager needs to deal with local officials on 
licensing matters, a risk contour map of the site can be compared with other known risks the 
community already faces from other facilities. It can also be a useful tool for helping local 
fire departments or hazmat teams with emergency planning. 
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For an individual living in the vicinity of the plant, examining a risk contour map could 
show that, for instance, the concentration limit would be exceeded about once in 3000 years 
at his workplace on site but only once in 30,000 years at his house near the site, while at his 
children's school, the concentration limit would never be exceeded. Thus, such a map gives 
people living or working near the plant which a better understanding of the impact of that 
plant on themselves and their families. 

When presenting risk contour infonnation 10 non-technical audiences, it is important 
to present the contour levels in terms meaningful to the audience. A risk level of I o-4 at an 
individual's home may be better presented as "once in ten thousand years" or even as "one 
chance in two hundred if you live there 50 years." 

CONCLUSION 

Risk contours are a graphical tool for presenting the results of a risk analysis. They 
are produced by combining the results of the risk analysis, including the consequence 
analysis, with historical data on the local meteorology. The resulting risk contou( map 
shows the distribution of risk both at the plant site and in the surrounding area. 

Risk contour maps can be used to present infonnation to engineers, local licensing and 
emergency planning officials, and members of the general public who are concerned about 
the plant. Care must be taken assure that the target audience is familiar with the terms that 
are used to describe the risk contour levels. 
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IMPROVING NRC STAFF USES OF RISK ASSESSMENT 

M. Cunningham, P. Baranowsky, W. Beckner, and P. Rathbun 

United States Nuclear Regulatory Commission 
Washington, DC 20555 

INTRODUCTION 

Probabilistic risk assessment (PRA) and risk management are used by the NRC 
staff as important elements of its licensing and regulatory processes. The NRC's first 
PRA, the Reactor Safety Study, 1 was completed soon after the creation of the agency 
in 1975. Since that time, the NRC has made use of risk assessment to address complex 
safety issues. A particular strength of risk assessment which has made it valuable to 
NRC is the structure it brings to an analysis of an issue. That is, PRA provides a 
logical and structured approach for issue analysis, with the capacity to provide 
estimates of the relative and absolute safety significance of issues as well the benefits 

· and detriments of plant design or operational changes under consideration to deal with 
an issue. Another important strength of risk assessment is its capacity to quantitatively 
estimate the uncertainties associated with a safety issue and possible changes to plant 
design or operation to address the issue. This is particularly germane to many of the 
safety issues facing the staff, which often are related to rare combinations of facility 
system failures, poorly understood accident processes, and other uncertain factors. 

The strengths of risk assessment have led to its use in a spectrum of NRC staff 
licen.sing and regulatory function.s, including, for example: 
• The licensing of advanced reactor designs, where the design is reviewed with 

respect to the balance of prevention versus mitigation capabilities for core 
damage accidents; 

• The licensing of high level waste repositories, for which probabilistic acceptance 
criteria have been established in terms of public health risk; 

• The monitoring of licensed reactor facilities, where operational events are 
routinely evaluated for their risk significance; 

• The analysis of benefits, in terms of risk reduction, of certain possible 
improvements in licensed reactors, for which a probabilistic criterion has been 
established in terms of public health risk; and 

• The allocation of staff resources in such areas as inspections and safety issue 
analyses. 
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Related to these uses of risk assessmem are certain fundamental risk management 

policies. These include: 
• A policy statement characterizing the acceptable risks from accidents in licensed 

reactors ("safety goals");2 

• A rule establishing the process and decision criteria for value-impact analyses 
for cenain potential changes in licensed reactor design and operations (the 
"backfit" rule);$ and 

• An EPA rule establishing the acceptance criteria for high level waste 
reposirories.' 

In a July 1991 letter,5 the NRC's Advisory Committee on Reactor Safeguards 
(ACRS) identified a number of problems with the staffs risk assessment work. The 
letter identified concerns related to unevenness and inconsistency in the staffs uses of 
PRA, provided a number of examples illustrating their concerns, and included some 
recommendations as to how to address the identified concerns. 

In response to the ACRS letter, the NRC's Executive Director for Operations 
formed a working group of staff management (the "PRA Working Group") to: 

Consider what improvements in methods and data analysis are possible 
and needed, the role of uncenainty analysis in different staff uses of 
PRA, if improvements are needed in the allocation of existing PRA staff, 
and the need for recruitment of more staff ( or for identifying other 
means for supplementing staff resources).6 

This paper summarizes the activities and results of the PRA Working Group to 
address the issues raised by the ACRS. In response, the Working Group developed 
two general recommendations, defined a set of basic principles for staff PRA use, and 
identified three areas for improvements. For each area of improvement, the Working 
Group cook certain actions and made recommendations for additional work. 

GENERAL RECOMMENDATIONS 

The Working Group developed two general recommendations with respect to the 
agency's uses of PRA: 
• Development of a integrated plan on staffs risk assessment and risk 

management practices. The Working Group's objectives and scope have been 
directed towards the resolution of the specific issues raised by the ACRS in 
their July 1991 letter. There are additional issues related to the staffs uses of 
PRA, some of which have been addressed by the Regulatory Analysis Steering 
Group,7 the Regulatory Review Group,8 and others. The Working Group 
recommends that all staff activities related to PRA uses be described in a single 
document which defines the present structure of the agency's risk assessment 
and risk management practices, summarizes the key elements of the staffs 
work, and lays out plans for improving and expanding PRA uses within the 
agency. When completed, it may be appropriate to summarize the basic 
principles contained in the document in a Commission policy statement. 

• Improving interactions with industry PRA users. The nuclear industry has 
developed considerable capabilities in risk assessment and risk management. 
The Working Group recommends that mechanisms be found to improve 
interactions between industry PRA users and those in the staff. 
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BASIC PRINCIPLES 

The \Vorking Group identified a number of basic principles for PRA work to help 
ensure consistent staff use, including: 
• Staff applying PRA methods should have training and experience commensurate 

with the particular use of PRA being undertaken. 
• Methods should be used which: 

Reflect the current PRA state of technology, plant design and 
operational features, and data; and 
Reflect the intended use, both in terms of the appropriate level of detail 
and the associated decision criteria. 

• Guidance to the staff should explicitly identify decision criteria for the 
particular use. 

• Documentation of analyses should use proper PRA terminology, identify key 
uncertainties and sensitivities and their significance, and be sufficiently complete 
and scrutable to permit a quality assurance review. 

• Quality assurance by knowledgeable staff should be performed, with the extent 
of review commensurate with the intended use. 

AREAS FOR IMPROVEMENT 

To support the implementation of these principles, the Working Group also 
identified three general areas of needed improvements in present staff PRA 
capabilities: 
• Guidance on technical matters such as the need for and performance of 

uncertainty analyses, procedural matters such as documentation and quality 
assurance requirements, and decision criteria. 

• Training related to both PRA techniques and the design and operation of 
licensed facilities. 

• PRA methods and data bases to support staff PRA uses. 
The Group's efforts and recommendations in each of these areas are discussed 

below. 

Guidance Development 

The Working Group developed general guidance for two PRA uses: 
• The screening and prioritizing of issues and events, performed in NRR, RES, 

and AEOD; and 
• The analysis of the more significant of these issues and events, also performed 

in NRR, RES, and AEOD, as part of backfit analyses, etc. 
The Working Group focused on these two PRA uses because they were widespread 

in the agency and were found to have essentially no formal PRA-related guidance. 
The Group has developed initial general guidance for these uses and, as examples, 
more specific guidance for generic issue prioritizations and detailed analyses performed 
in RES. 

The Working Group has also made recommendations with respect to additional 
use-oriented guidance development. The more significant of these are: 
• Complete development of more specific guidance for other PRA uses related 

to screening and detailed analyses (e.g., AEOD's studies of operational events), 
based on the general guidance provided. 
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• 
• 

Complete the development of guidance for PRA use in plant-specific reactor 
licensing actions (e.g., technical specification modifications), including how 
Individual Plant Examination (IPE/ results should be used. 
Develop guidance on how IPE results should be used to improve the ongoing 
PRA-based focusing of inspection activities. 
Develop guidance on the review of advanced reactor design PRA submittals, 
as part of revision to NRC's Standard Review Plan. 10 

Training Enhancements 

The Working Group took two principal actions with respect to agency PRA 
training and skills: 
• Guidance has been developed by the Group on basic terms and methods in 

technical areas important to appropriate uses of PRA by the staff. This 
guidance provides: definitions of terms used in PRA and related skills, with the 
goal of agency-wide adoption of these definitions; descriptions of methods 
commonly applied in the agency's business, including discussions of the 
strengths and limitations of each; and references for obtaining more detailed 
information. 

• The Group initiated a systematic review of tasks needed to accomplish generic 
issue screening and analysis and the PRA-related guidance and skills needed 
to accomplish these tasks. This review uses job and task analysis technique ( a 
portion of the Systems Approach to Training method). This technique provides 
an assessment of the PRA-related guidance and skills needed to accomplish 
these specific PRA uses as well as learning objectives which can be used to 
define training needs. 

The Working Group has also made recommendations with respect to staff training 
and skills. The more significant of these are: 
• A job and task analysis technique similar to that noted above should be applied 

to other major PRA uses within NRC. The PRA training program should be 
updated as these applications are completed. 

• As the PRA training curriculum is developed, it should be closely coordinated 
with the agency's training in the design and operations of regulated facilities. 
The latter training, generally provided at the NRC's Technical Training Center, 
is an important element to successful use of PRA methods. The job and task 
analysis technique applications noted above should also explicitly identify 
facility/ device design and operation learning objectives, which should then be 
compared with the present TIC curriculum, and, as needed, changes made to 
that curriculum as well. 

• The PRA training curriculum should define a minimum set of courses, 
rotational assignments for on-the-job training (within NRC or with NRC 
contractors), etc. needed to adequately use PRA in specific staff activities. 

• The Group was well aware that present staff recruitment opportunities are very 
limited. Within these limits, improvement of staff PRA capabilities would 
particularly benefit from recruitment of people with extensive experience in 
systems reliability (PRA Level 1) analysis or statistics. 

PRA Methods Development 

The Working Group initiated one effort with respect to agency PRA methods: 
• The Working Group's survey found that most reactor event and issue analyses 

performed by the staff relate to Level 1 PRA information ( e.g., failures of 
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components or systems resulting in core damage). However, the agency's risk­
related decision criteria are often in terms of Level 3 products (e.g., regulatory 
analyses using risk information in terms of averted population dose). 

In one case (generic issue prioritization) a simple transformation is now used 
for converting Level I to Level 3 results. However, this transformation is based 
on resultS of the Reactor Safety Study (completed in 1975). The Working 
Group concluded that this present core damage frequency-to-risk 
transformation should be replaced with information based on the NUREG-1150 
studyu (completed in 1990). The Working Group has initiated an effort to 
provide results from that study in forms appropriate for such transformations. 

The Working Group also made a number of recommendations with respect to 
additional methods development and related data collection and analysis. The more 
significant of these are: 
• The Group's survey results indicated that most PRA uses by the staff were 

adaptations of existing PRAs, rather than new studies. To support such uses, 
the Group recommends: 

The continuation of PC-based code development (i.e., IRRAS'1 and 
SARA'}) with a focus on using such codes to adapt PRA models; and 
The continuation of efforts to put a representative set of modem PRA 
models (including, to the extent possible, IPEs) in a form usable with the 
PC-based codes. 
The development of guidance on how to adapt PRAs for use in staff 
studies such as regulatory analyses. While guidance documents exist for 
developing PRA models, there is at present no guidance document for 
adapting PRA models. 

• The feasibility of developing a structured classification of licensed reactors for 
use throughout the agency should be investigated. Both the issue screening and 
issue analysis uses of PRA in NRR, AEOD, and RES could benefit from such 
a classification scheme (structured, for example, by design type and containment 
design), with modern PRAs/ lPEs identified to represent each class. This 
feasibility study should consider the present categorization scheme used for 
accident sequence precursor analyses for broader use throughout the agency. 

• The feasibility of developing detailed PRA models for use in issue analyses 
which can also be "rolled-up" to more simple models for use in screening 
analyses should be investigated. If feasible, such models should be developed 
for a representative set of plants using the classification structure described 
above. 

• The feasibility of developing accident sequence analysis models which can be 
more readily updated to account for plant design and operational changes and 
new component or system failure data should be investigated. 

• The collection and analysis of reliability data, for both equipment and human 
performance, for use with these improved PRA models should be expanded. 
Such data should be updated on a periodic basis to reflect industry-wide and 
plant-specific performance. 

FUfUR.E WORK 

As noted above, several NRC staff groups have recently been dealing with issues 
related to the staff's uses of risk assessment, including the Regulatory Anaysis Steering 
Group and the Regulatory Review Group. Some recommendations of the Working 
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043 - 18 Group, such as guidance development for issue pnontlzations and analyses, are 
presently being implemented. However, the larger set of recommendations requires 
integration with the work of these other staff groups. At present (October 1993), the 
mechanism for achieving this integration is under senior management review. 
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E. Hofer, B. Krzykacz, J. Langhans*, G. Weber 
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D-85748 Garching, FRG, *D-50667 Koln, FRG 
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ABSTRACT 

An application of the multi-compartment containment code FIPLOC-M(AEROS) to 
the dry part of the V ANAM-M2 containment aerosol experiment is considered. The 640 m

3 

experimental containment is respresented by 11 control volumes (zones), 12 flow paths 
Gunctions), 49 heat slabs and two flow paths to the environment. Steam, air and aerosols are 
injected and the corresponding time histories of the local aerosol concentrations, mass flows, 
pressures, temperatures etc. are computed. 

For the purpose of uncertainty and sensitivity analysis a total of 179 uncertain para­
meters were identified. The state of knowledge on parameter level was expressed by subjec­
tive probability distributions and by correlations between selected parameters. I 00 
FIPLOC-M runs were performed with randomly selected parameter values as input. From 
the resulting I 00 time histories of selected output quantities (I) uncenainty statements in 
form of statistical (90 %, 90 %)-tolerance intervals and (2) sensitivity measures from step­
wise regression analysis were obtained for two selected points of time. 

The results confirmed the expected high ranking of the main contributors to uncer­
tainty from aerosol modeling and revealed the imponance of uncenainties in thermal· and 
fluiddynamics for the computed aerosol behaviour. 

INTRODUCTION 

The mechanistic·computer code FIPLOC-M /1/ has been developed at GRS for the 
integrated analysis of thermal hydraulics and aerosol behaviour in multi-compartment 
geometries. The main purpose ofFIPLOC-M is to calculate the distribution and retention of 
airborne fission products in a L WR-containment during a severe accident and to predict the 
radioactive source term to the environment. · 

FIPLOC-M (Ession froduct ~isation - MAEROS) uses the lumped parameter 
technique. The containment is represented by a number of control volumes· which are 
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interconnected by atmospheric flow paths. The code includes ( 1) a thermal hydraulic model, 
(2) an aerosol model, (3) an iodine model, and (4) a decay heat model. These models are nu­
merically tightly coupled so as to include also important interrelation phenomena. 

The aerosol behaviour in each control volume is treated by the multi-sectional, 
multi-component model MAEROS /2/. MAEROS has been utilised for other contairunent 
codes and applications have been already subject to uncertainty and sensitivity analyses /3/ 

The Gennan V ANAM series of experiments were perfonned in order to verify 
FIPLOC-M and comparable codes. Five tests were carried out in the 640 m' model contain­
ment of the Battelle Institute in Franfurt/Main /4/ built with reinforced concrete (figure 1 ). 

• • 
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• 

• 
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o p111t/:U.,. of 
otrotel OA<d t/11. 
ina!r10m,11t41iol\ 

Figure 1. V ANAM test geometry and the corresponding FIPLOC nodalization 

•• 

For this uncertainty and sensitivity study the first three periods of a FIPLOC-M post 
test calculation of the V ANAM M2 test were chosen /4/. The M2 experimental procedure 
started with a 14.5 h - heat up period of steam released into the room RS. This caused a pro­
nounced stratified contairunent atmosphere with a hot steam-rich region above the steam 
source and a colder air-rich region below it. In the following second test period (45 min) the 
insoluble Sn02 aerosol was injected into the room R5 by means of a steam-air carrier gas. 
For the third period (4.1 h) all injections were terminated. Pressure and temperature in the 
contairunent decreased due to the heat losses and the gas leakage through the concrete 
walls. The aerosol was inhomogeniously distributed by the atmospheric flows and depleted 
by natural deposition processes. No remarkable steam condensation on the aerosol particles 
occurred during these 'dry' periods. 

Figure I shows the nodalisation used for the integrated thennal hydraulic and aerosol 
calculation with FIPLOC-M. Each room is represented by a control volume. Only R9 is di­
vided into three control volumes, two of them simulating the annulus. The calculated aerosol 
concentrations for selected zones are shown together with the corresponding measured data 
in figure 2. The FIPLOC-M results are in good agreement with the experiments. 

IDOr-~.,...-~~~~~~~~--, 

.... ·/1 Eaoerlment M2 •o• •=!!.... 
FIPLOC-Mcolculotlon =ir. 
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i J>----,>+-~~ ..... _... ... 
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·14 . It l'I 

Figure 2. Selected local aerosol concentrations measw-ed in the cxperi1DC111 and calculated by FIPLOC 
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UNCERTAINTY AND SENSITIVITY ANALYSIS 

The probabilistic uncertainty and sensitivity analysis was perfonned with the aid of the 
program package SUSA /5/. Table I shows the list with the 179 identified uncertain para­
meters. More details about the parameters e.g. ranges, distribution types, distributional para­

meters, correlations etc. may be found in /6/. 

Table 1. List of the uncertain parameters 
No. I o,,criptiOCl No. OeocriptiOCl 

Uuoe,uiotial ill-1 pbY,""- 7l ----i,,,ror loakagcjuod. Z3 

numcric,l analy,u - 76 flow raill. number for leakage juncL '.2 S 

l oumber of soctiom ...... , 
2 """""'l' <riurion (....,.pon) 77 -ot-3 ••• II, m' 

3 """""'l' a;...-;on ( aggloal.) to 

• .naximum a,cn;IIOI time stq>. , u 
s higl,ost e,q,oc:11,d atmo,phn t<mp, C 86 ..;ec,;.,. .... or ....... It&'. 

6 higj>m expeetcd touJ pr=. bu 87 ..-rak NC pa. It&', 

7 rdati\<e ffl'Of' aitaioo. for i.olcgration &8 _.oCNCp,.C 

8 al>oolw cnu crilaioa for........,. 'q/m' &9 JOOd<bcal higl,I o{-l- 11, m 

geocncrry panm,un: IO 

9 oeilina ara. lYolumc, llm 97 

IO for zooa 3- ·· l l 98 ~ biprotj-i... 

17 to No. 2, 4.~ 11,m 

18 Ooor at« /votumc, 1/m 106 

to for zones 3 ..... 11 107 ~1ll:Olnl.!Ycrit. for UILCgr. of au flow, q rs 

26 108 - - ........ 10, q 
27 wall vea /volume.. J/m 109 taidaaal ..-in zoaaJ, - .. 9, J 1 

to for ZontS 3, .... 11 to 

35 116 

--wpeU<Wn: bell a.ad rD111S transfer : 

36 key for ...-..ol ""'1rib. IO ......pi,.,. d<n,i,y 117 KTCforrm Ii 11, Wfrd/K 

37 ctyn,,nic WI"' rac..c (d>i) 118 HTC for 
. Wlm'/K 

38 diffiiaiOCl bolmdary layer thidcaca, m 119 .t,_.;. .....,;iy o(boandlry layer, Pa .• 

39 - ... particl< mwrial dcasdy, kv,,,' 120 HTCr«.-.Wtar/K 

"° ,ai- ,hape w:tor (gamma) 121 .,..;i;. ..... otNC p,. JllcglK 

41 puticl< ,.;cicing ~loy 122 keyfi>r HTCoptiom 

42 th¢rm&l condbctivtty gas /panic.Le IMaslabo: 

43 ~ diapa<wa ..... nfl,' 1Z3 49 hatlill> .._ar --= to 

44 - illj«:tioo nlC, 'q/, 171 

4$ key r....;.. disrributioo or ...... 172 hal~olhoaultho. Wlm/K 

~ mus ~ mcdi.ut diamda'. m (-olablNo. 14, ll,47,48) 

47 gc,omceric: standard dcvi.acioa l7J -~o(hcatolabl 

48 upper limit of pa,tic:lie di.amdcr, m No. 14, Ll, 47, 41, W/-

U.-....... "'thermalhy<hulics. 174 ,p,ci! .... capacity olbal slal,a, Jllcgll( 

juncbant : (-slaboNo.14,ll, 47, 41) 

49 cross MCtion area of regular junctions 17l ,p,ci! -~ .ri-daba 

10 No. 1 .... 12. ml No. 14, ll, 47, 41, JntglK 

60 176 .--y o(-slall- l<;g/ar 

61 Oow mistance number for regular 177 cbid:neaof'wawnlabt no. 14, U. "'· 4&. m 

IO jl.lllCtions No. 1.. .. 12 --= 72 178 p.,;clooollisioo-cncy 

73 ~ teetioo. area ollcak&gc junca. 23, nt 119 ... -
74 mm section area olleak.aftjUDCt. 2,. OT 
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A parameter sample of size n = 100 was generated, i.e. 100 179-tuples of parameter 
values randomly selected according to the specified distributions and correlations (simple 
random sample) and the FIPLOC-M code was run for each. Figure 3 shows the I 00 time 
histories of the aerosol concentration in zone 9. 

'o,!.--~.L..~- ~-~-~---------
- 111.. 12.0 M.e SIA MA -.e a .A .... ..... • •• 10,0 

t lrlC ISi ~10' 

Figure 3. Aerosol concentration in zone 9. 100 time histories obtained with FIPLOC-M for randomly se­
lected parameter vectors. 

The 100 results along with the parameter sample fonn the data basis from which all 
subsequent uncertainty and sensitivity statements are derived. For the sake of simplicity two 
specific points of time were selected at which the analysis was performed : 55500 s = 15.4 h 
; end of the aerosol injection phase and 70000 s = 19.4 h = end of the calculation. 
Figure 4 shows selected uncertainty results represented in terms of statistical (90 %, 90 % ) 
two-sided tolerance intervals and empirical distribution functions. A tolerance interval is in­
terpreted in this case as a region containing at least 90 % of the uncertainty of the corre­
sponding aerosol concentration at the respective point of time at a confidence level of at 
least 90 %. 
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Figure 4. The empirical distribution functions and (90%, 90%) lW<Kickd tolerance intervals for the aen:>sol 
concentration in zones 9 and 11 at 55500 s and 70000 s. 
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In table 2 the results of the sensitivity analysis for several output quantities from 
FIPLOC-M are summarized. At each of the two points of time a stepwise rank regression 
analysis was performed. This procedure selects from the set of 179 parameters the main con­
tributors to uncertainty. Table 2 presents the corresponding sensitivity measures i.e. the stan­
dardized rank regression coefficients. In addition the total R 2 values are shown. They 
indicate the percentage of variability of the output quantity explained by a Linear rank· re­
gression model in the selected parameters. 

Table 2. The main contributors to uncertainty of the selected FIPLOC-M results 

Selected results and 
most important parameters 

Aerosol concentr. in zone 9, 

- (44) aerosol injection rate 

- (43) twbulence dissipation rate 

-(37/40) CHI and GAMMA• 

- ( 1) number of sections 

Aerosol concentration in zone 11, 

- (74) cross ssection area ofleakage junct. 25 

- (76) flow resist. number ofleakagejunct. 25 

- (44) aerosol injection rate 

- (37/40) CHI and GAMMA• 

- (43) rurbulencc disspation rate 

Total aerosol mass suspended, 

- (44) aersol injection rate 

- (37140) cm and GAMMA• 

- (43) rurbulence dissipation rate 

- (I) number of sections 

Released aerosol mass, 

- (74) cross section area ofleakagejunct. 25 

- (76) flow resist. number ofleakage junct. 25 

- (37/40) CHI and GAMMA• 

Sl:lndardized rank regression coefficients from 
stepwise regression a.oalysis and total R'-values 

at 55500 s at 70000 s 

R' 0.95 0.98 

0.75 

-0.33 -0.29 

-0.33 -0.56 

-0.45 

R' 0.89 0.98 

0.5 

-0.35 

0.38 

-0.76 

-0.38 

R' 0.99 0.97 

0.76 

-0.45 -0.63 

0.33 -0.36 

-0.36 

R' 0.99 0.98 

0.57 0.52 

-0.53 -0.41 

-0.44 

• Complete ?*tive dcpeodenoe bdweeD the puamctcn CHI and GAf..1.MA. · 

DISCUSSION OF THE RESULTS 

At the end of the aerosol injection period (t=55500 s) the uncertainties of the calcu­
lated total airborne aerosol mass, the local aerosol concentrations and the total aerosol mass 
released are relatively small. Later on the uncertainties increased with time due to the dy­
namics of the involved processes. 

At 70000 s 0.2 kg of the injected 8.91 kg of the Sn02 aerosol are still airborne. The 
two-sided (90 %, 90 %) tolerance limits are 0.07 kg and 0.49 kg. The released aerosol mass 
is 0.29 kg with the tolerance limits 0.1 kg and 0.63 kg. A large portion was released early in 
the experiment, when the aerosol concentration and the gas pressure were high and uncer­
tainties low. This is the reason why this uncertainty range is not broader than that of the total 
aerosol mass although large uncertainties of parameters for the leakage path and the gas 
pressure are involved. 
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The largest contributors to uncertainty of some selected aerosol results are summa­
rised in table 2. Their influence varies strongly in time, e.g. the importance of the aerosol in­
jection rate on the aerosol concentrations is much higher at t = 55500 s than at t = 70000 s. 
The dynamic and the agglomeration shape factors, CHI and GAMMA, and the numerical 
parameter 'number of sections' show an increasing importance with increasing problem time 
because of their influence on the dynamics of the aerosol depletion process. An increasing 
GAMMA accelerates agglomeration and sedimentation but an increasing c:m reduces sedi­
mentation_ Since the parameters are negatively correlated to the released and the suspended 
aerosol mass the influence of GAMMA is dominant. 

An increasing turbulence dissipation rate increases the turbulent agglomeration. Quali­
tatively its influence on the results is similar to that of (GAMMA, CHI). 

The uncertain parameter 'number of sections' is negatively correlated to the aerosol 
concentration in zone no. 9 respectively to the total aerosol mass suspended. Consequently 
a larger number of particle size classes, i.e. a numerically more accurate calculation, reduces 
these calculated aerosol results. This finding stands in contradiction to /3/ where a minor in­
fluence of the number of sections on the suspended aerosol mass was found. In both studies 
the number of sections was varied between 5 and 20, but the particle size domain is larger in · 
the present study. 

The aerosol concentration in the lower annulus zone no. I I increases with an increas­
ing cross section area of the leakage junction no. 25 and decreases with a decreasing flow 
resistance number at t = 55500 s. At this time the aerosol concentration in zone no. 11 is 
much lower than in the adjacent zone no. 10, which is connected to the dome. A higher gas 
leakage through junction no. 25 causes a higher inflow of aerosol loaded atmosphere from 
the dome via zone no. I 0. 

The uncertainty of the aerosol mass released to the environment depends on the uncer­
tain leakage parameters and the most important aerosol parameter which is (GAMMA, 
CHI). 

CONCLUSIONS 

• The uncertainty of the total aerosol mass suspended and of the local aerosol concentra­
tions depends mainly (I) on a few uncertain aerosol parameters ( to be specified by the 
code. user), e.g. the agglomeration shape factor and the turbulence dissipation rate, and 
(2) on the numerical parameter 'number of sections'. Additional contributors to the uncer­
tainty of the J.Qs.a1 aerosol concentrations are uncertain parameters having an effect on the 
atmospheric flows in the containment and on- the leakage flow: cross section area of 
openings, flow resistance number, steam injection rate, etc. 

• The uncertainty of the aerosol injection rate influences only the short term aerosol results. 
• The uncertainty of the leaked aerosol mass depends on (1) the uncertain leakage para­

meters, i.e. the cross section area and flow resistance number of the leak, and (2) on un­
certain aerosol parameters, i.e. the agglomeration shape factors, etc. 

• The uncertainty of the aerosol results is also influenced by the uncertainty of the numeri­
cal analysis parameter 'minimum number of sections needed so that the result is still suffi­
ciently accurate'. Consequently, in less accurate calculations which have a small number 
of sections the aerosol concentrations are overestimated. 

All results of this uncertainty and sensitivity analysis are well understood. They con­
finn the high quality of the coupling between thenna! hydraulic and aerosol behaviour mo­
dels in FIPLOC-M 1.5 for 'dry' aerosol cases. In the second part of this study a 'wet' case 
with condensation on aerosol particles is under investigation. 
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ANALYSIS OF SOURCE TERM UNCERTAINTY ISSUES FOR LWRs 

M. Kajimoto, K. Muramatsu, and N.Watanabe 

Risk Analysis Laboratory, 
Depanment of Reactor Safety Research 
Japan Atomic energy Research Institute 
Tokai-mura, Naka-gun, Ibaraki-ken, 319-11, Japan 

INTRODUCTION 

In a Level 2 Probabilistic Safety Assessment (PSA), core damage sequences are 
systematically identified and the accident progression and source terms are analyzed for these 
sequences with computer codes. Such analyses provide valuable insights for planning 
accident management strategies. However, meaningful use of PSA results can not be made 
without good understanding of uncertainties in such analysis. 

There are two necessary tasks for assessing the effects of uncenainties, namely, 
phenomenological research to define the variability range of each uncenain parameter and 
sensitivity study to examine the effect of change in such parameters on the source terms. This 
paper deals with a sensitivity study for the lauer purpose. It is widely recognized that the 
source terms strongly depend on accident sequences. However sensitivity studies performed 
in the past were mostly limited to a small number of sequences selected by their high 
frequency and/or representative characteristics. Therefore it is desirable to examine how the 
effects of various uncertainty factors depend on accident. sequences and to discuss how our 
understanding on the profile of source tenns are affected by such uncertainty factors. 

This paper presents a sensitivity study concerning the sequence dependency of the 
effect of uncertainty factors perfonned at the Japan Atomic Energy Research Institute as pan 
of a generic level 2 PSA of a BWR with a Mark-II containmenL Some results from this PSA 
were reponed in previous papersl.2 including a shon discussion on the effects of two 
uncenainty parameters: relocation models of molten materials and containment failure 
location. This paper extends the discussion on these issues to their effects on various accident 
sequences. This paper also discusses the sequence dependent effect of the difference between 
the coupled and decoupled analyses of thermal hydraulics and fission product (FP) transpon 
processes. 

ACCIDENT SEQUENCE CATEGORIZATION 

In JAERrs PSA, front line event trees identified 51 core damage sequences shown in 
Table 1 and a containment event tree, made for each core damage sequence, identified many 
scenarios of failure of the primary containment vessel (PCV). For each of the 51 sequences, 
a source term analysis was made for a scenario leading to over pressure failure of PCV in late 
phase using the THALES/ART code system3, where accident progression was simulated by 
THALES and then FP transpon process was analyzed by ART4 with use of thermal 
hydraulic boundary conditions given by THALES. 

In the previous paper!, based mainly on the timing of key events, the accident 
sequences were tentatively classified into three groups. In the present study, based on 
considerations on the source terms, it was recognized that the accident sequences could be 
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better categorized into the following five groups by the availability of cooling systems for the 
core and the containment: 
Group 1 : Accident sequences caused by loss of decay heat removal systems (RHR) with 

success of high pressure core spray system (HPCS) or reactor core isolation cooling 
system (RCIC) such as TQW sequence. In these sequences, over pressure failure of 
primary containment vessel (PCV) occurs at about 40 hours after accident initiation, 
leading to core melt after the PCV failure. 

Group 2 :Accident sequences caused by loss of RHR with success of low pressure core 
spray system (LPCS) or low pressure core injection system (LPCI) such as TQUW 
sequence. Failure of coolant injection due to temperature rise in suppression pool lead to 
core melt PCV failure occurs at about 25 hours after accident initiation. 

Group 3 :Accident sequences caused by loss of all ECCSs such as TQUV sequence. Core 
melt occurs in early period, and The PCV failure occurs at about 25 hours. 

Group 4 :Accident sequences caused by loss of all AC power such as TB sequence. Core 
cooling is available by RCIC. However, failure of coolant injection due 10 consumption of 
DC battery lead 10 core melt PCV failure occurs at about 30 hours. 

Group 5 :Accident sequences caused by failure of reactor scrum such as TC sequence. Over 
pressure failure of PCV occurs at about I hour, leading to core melt after the PCV failure. 

The timing of major events, beginning of core melt, failure of core support plate, 
failure of reactor pressure vessel (RPV), failure of pedestal floor, and failure of PCV, are 
shown in Fig. l for the sequences initiated by transients. Similar results were obtained for 
those initiated by LOCAs. The PCV failure timing did not depend much on whether the 
sequence was initiated by a LOCA or a transient. 

UNCERTAINTY FACTORS EXAMINED IN THIS STUDY 

Sensitivity studies for specific accident sequences in a PWR5,6 and a BWR7 were 
performed at JAERI in the past. In these studies. the effects of changes of about 20 
parameters on the source terms were examined and showed that the selection of models for 
relocation of molten materials in the RPV and, for a BWR case, location of containment 
failure have quite significant effects. In addition, comparison of computer codes used in 
Japan for PSAs8.9 showed that the interactions between thermal-hydraulics and FP behavior 
had strong effect on the calculated source terms. Therefore effects of the following three 
factors were investigated in this study: 

- relocation models of molten materials, 
- containment failure location, 
- phenomena associated with the difference between the coupled versus decoupled 

analyses of thermal hydraulics and FP transport behaviors, such as revaporization of 
volatile FPs whose effect would be more significant in coupled analyses. 

In the following discussions, the magnitude of source terms is represented by the 
fraction of Csl released to the envirorunent. 

METHOD AND RESULTS OF SENSITIVITY STUDIES 

Effect of Relocation Models of Molten Materials 

I ., 
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The fuel damage and relocation process involves highly complex phenomena and, even 
after the conduct of several large scale experiments, a precise prediction of material relocation 
is quite difficult. Therefore the TiiALES code provides several relocation models to allow I 
sensitivity studies to examine the effect of modeling uncertainty on the source terms. Two 
models in 1HAI..ES were used in this study: one model assumes that, when the fuel melting 
condition is reached, the molten material relocateS to the bottom of core (model fl) and the 
other to the vessel head (model f:z). Source terms were calculated for the 51 accident I 
sequences adopting the models f1 and fl. Then the results were compared. The set of 
calculations with the model f1 will be referred to as "base cases" in this paper. 

The comparison of two sets of calculations indicated that the effect of relocation model f 
was not significant for the timing of events, such as the time of containment failure. 
However the amount of release of FPs from fuel in the pressure vessel (in-vessel release) 

I 



I 
I 
I 

I 

I 

I 
I 
I 

I 

I 

was considerably different between two sets. Figure 2 shows the cumulative mass of CsI 
released in-vessel. The released mass of CsI for the model fl were larger than that for the 
model f2 in all the sequence groups by about 20 to 30 percent of core inventory. 

The difference between the results for the models ft and f2 can be explained as follows. 
The release rate ofFPs from fuel is calculated with the CORSOR-M modcllO as a function of 
fuel temperature. In the calculations with model f1, when the temperature of a fuel node 
reaches its melting temperature, the node relocates onto the core support plate and then 
transfers heat to the suppon plate. If the water level in the core shroud is higher than the 
plate, the heat transfer to the water is taken into account Otherwise, it continues to heat up. 
When the suppon plate reaches its melting temperature, the core and the suppon plate 
collapse into the lower plenum, splashing out the water in the lower plenum to the 
downcomer due to the rapid steam generation by the heat transfer from the core debris. 
Therefore the molten material maintains high temperature without being cooled. On the 
contrary, in model f2, the "molten" node directly relocates to the vessel head and is cooled by 
the water in the lower plenum. Because of these differences, the temperature calculated with 
model ft is kept at high temperature longer than that with model f2 and, consequently, yields 
higher in-vessel release of FPs. 

In Figure 2, although there exist some sequence-to-sequence variations in the amount 
of in-vessel release, the difference of two relocation models has more significant effect on 
the in-vessel release than the difference of sequences does. 

The present calculations predicted that the natural deposition mechanisms of aerosol, 
mainly the gravitational settling, would quite effectively remove the CsI aerosol and hence 
the source terms are strongly dependent on the time available for the FPs to deposit in the 
reactor coolant system (RCS) or in PCV, which is shonest for group 1 and 5 and longest for 
group 3. Therefore, in Figure 3, groups I and 5 have largest source terms; groups 2 and 4 
have the second largest; and group 3 has the least. 

Because of the effective natw-al removal mechanisms, the CsI released in-vessel would 
mostly deposit in RCS or PCV and the source terms were controled mainly by ex-vessel 
release of CsI. Since model f1 gave higher in-vessel release than model fa, it resulted in 
lower release during core-concrete interaction (ex-vessel release). Thus, as shown in Figwc 
3, the source terms for the model f2 were generally larger than that for the model fl. 

In Figure 3, as for the sequence groups l, 2, 4 and 5, the effect of changing the 
relocation model brought about the change in the source terms by a factor of 2 to 3, and as 
for the group 3, the change by a factor of 5 to 10. These differences among sequence 
groups are attributed to. various group-to-group differences such as the difference in 
containment failure timing and the difference in the in-vessel release. 

In summary, the difference of fuel relocation model considerably changed the amount 
of in-vessel and ex-vessel release of CsI and consequently changed the source terms for the 
sequences in all groups. However the significance of the effect is different from each ocher 
group by group. 

Effect of Con tainm.ent Failure Location 

In a BWR plant, the failure location of PCV is imponant to calculate source tenns. If 
the location is in wetwell gas space, FPs in the PCV would be released to the environment 
through the suppression pool where scrubbing effect can be expected. In this study, we 
considered three possibilities: drywell gas space, wetwell gas space, and wetwell liquid 
space. The drywell failure was assumed in the base cases. Analyses for all 51 sequences 
were performed for these three locations. 

As shown in Figure 4, the wetwell failure cases resulted in smaller source terms of Csl 
than the drywell failure cases for all sequence groups because of the scrubbing in the 
suppression pool. However the degree of differences dependends on sequence groups. 

The differences were quite significant in groups 2, 3 and 4; source term of Csl was by 
two order of magnitude smaller than the drywell failure case. On the other hand, the 
difference was much less significant in groups 1 and 5. This sequence dependency was 
explained by the difference in condition of the suppression pool water at the time when CsI 
pass through the pool water. In case of groups l and 5, suppression pool was in saturated 
condition while it was in subcooled condition in other cases. The decontamination factors for 
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Table 1. Radionuclide Source Terms 1,8 

Radionuclide 
Ci/kg Convecting Ci/kg Crust (Airborne) 

(Liquid) 

90 Sr 3.0E-03 3.4E-02 

Tc99 1.3E-04 3.0E-04 

1 129 6E-07 2.9E-04 

Cs 137 4.SE-0 1 4.SE-01 

Np 237 7£-08 5.1£-04 

Pu 239 l.lE-07 l.6E-OS 

Pu 240 l.OE-09 

Am 241 SE-07 I.SE-04 

The airborne source terms consist primarily of materials picked up and entrained in 
high-velocity gas flow across the crust surface. It was assumed that the particles were all 
in the respirable range (<IO microns). The liquid release source terms contain materials 
dissolved in the liquids that are presumed to escape from the tanks in the leak/spill 
sequences. 

Various source terms were developed for various release categories as presented in 
Table 2. The breakup of the release categories based on release pathway and radionuclide 
content was done to facilitate the comparison of high frequency/low-consequence accidents 
with low-frequency/ high-consequence accidents. The methodology used to estimate source 
terms is presented through the use of an example. Both airborne and water pathway source 
terms were similarly developed. The results of the source term analysis for the various 
release categories are also summarized in Table 2. The release terms for individual isotopes 
are obtained by multiplying the appropriate concentrations in Table I by estimated releases 
in Table 2. 

METHODOLOGY EXAMPLE 

Analysis of an airborne release sequence is presented as an example of the 
methodology used in generating source terms for the high-level waste storage accidents. 
The key feature of this method:,logy is the use of distributions to express the uncertainty 
or "state of knowledge" of the analyst The distributions are used to reflect the analyst's 
confidence level regarding the estimates of various parameters that were used during the 
calculation of the source term for individual sequences. 

BURP/BURN SEQUENCES - CATASTROPIDC DOME COLLAPSE (DCH) 

The OCH release category represents those scenarios in which a catastrophic tank 
failure, resulting in collapse of the dome, leaves the tank open to the environment. Tank 
failure could occur if the Burp/Bum pressure loads are significant. Dome collapse leaves 
the tank vulnerable to winds and gusts which may entrain some material and provide a 
release path. The source term evruuation for this release category is summarized in 
Figure 2. 
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Table 2. HTF PSA release category and readiological source term surrunary. 
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The key issues in this source term evaluation are: (I) estimation of the material 
entrapped in the deentrainer and HEP A filters and the fraction of this amount released 
during the Scenario; (2) amount of material seared/crusted due to the Burp/Bum and the 
fraction of this amount released; and, (3) amount of material entrained and removed by 
winds or gusts. 

Distribution depicted in Figure 2 was assumed for representing the amount entrapped 
in the deentrainer and the HEP A filters. This distribution has a mean of 6 Kg. It is further 
assumed that under this scenario (Burp/Bum event) about 90% {mean) of this entrapped 
material would be released into the environment. This release fraction is higher than that 
for the HEP AH scenario since the OCH scenario with a Burp/Burp event leading to a dome 
collapse is likely to be much more energetic. It was assumed that the release fraction could 
range from 80% to I 00%; thus, the distribution shown in Figure 2 was selected. 

The amount of material seared was estimated in a separate calculation { using a heat 
transfer model). The amount is shown by the distribution presented in Figure 2 and has a 
mean of about 13.4 Kg. This distribution depicts the amount seared during a realistic 
Burp/Bum (short burn with temperature decay). Some fraction of this crusted material is 
prone to be carried upwards due to convection currents and thus be released into the 
atmosphere. As the Burp/Bum event is much more energetic, it is estimated that about 80% 
{ as opposed to only 20% for HEP AH scenario) of the seared material will be released 
(mean 80%, with a range from 60% to 100%). 

After a dome collapse, the tank contents can be directly exposed to the atmosphere and . 
subject to wind entrainment. The exposure period for entrainment is the time from dome 
collapse to the time when the tank is completely covered as a result of postaccident 
recovery operations. This exposure time could vary from half a day to a week. The 
distribution, also shown in Figure 2, reflects this range and has a mean exposure time 
corresponding to I day. 

It has been shown by separate HMS calculations that only winds greater than 20 MPH 
are capable of entraining the tank contents. Meteorological data report wind exceeding 
20 MPH for a total of 20 hours in a given year. Based on this information, a time window 
for entrainment was evaluated (per exposure day). The distribution reflecting this time 
window is shown in Figure 2 and has a mean of 8 sec/day, with a distribution ranging 
from I to 28 seconds/day. HMS analysis also predicts entrainment rates ranging from IO to 
300 gm/sec for winds from 20 MPH to 70 MPH. The entrainment rate distribution assumed 
for this analysis is shown in Figure 2. This distribution has a mean of 20 gm/sec, with a 
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Figure 2. Source tenn summary for release category DCH. 
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range from 10 to 50 gm/sec and was judged ijppropriate for the Hanford Tank Farm 
meteorological conditions. 

Based on the amount of material entrapped in the HEPA filters/deentrainer, the amount 
of material crusted, the release fractions, the wind exposure period, the entrainment time 
window (fraction), and the wind entrainment rate, the source term can be evaluated for the 
DCH scenario. Figure 2 depicts the resultant distribution for the amount released for the 
Based on the amount of material entrapped in the HEPA filters/deentrainer, the amount of 
material crusted, the release fractions, the wind exposure period, the entrainment time 
window (fraction), and the wind entrainment rate, the source term can be evaluated for the 
DCH scenario. Figure 2 depicts the resultant distribution for the amount released for the 
DCH scenario with a mean release of32.8 Kg. The salient point values for this distribution 
are summarized in Table 2. 
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SUMMARY 

As the accuracy of the accident consequences is highly dependent on the accuracy of 
the source term, it is important that all uncertainties regarding the source term are reflected 
explicitly. This can be achieved by allowing the analyst to express his/her state of 
knowledge regarding the various input parameters used in the engineering evaluation of the 
source term. The methodology presented through an example achieves this goal. This 
methodology was successfully applied to define and evaluate a number of source terms for 
the high-level waste storage accidents. 
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INTRODUCTION 

045 • 1 

A common problem to operators of complex industrial systems is the early detection 
of incipient degradation of sensors and components in order to avoid unplanned outages, to 
orderly plan for anticipated maintenance activities and to assure continued safe operation. 
In such systems, there usually are a large number of sensors (upwards of several thousand 
is not uncommon) serving many functions, ranging from input to control systems, monitoring 
of safety parameters and component performance limits, system environmental conditions, 
etc. Although sensors deemed to measure important process conditions are generally 
alarmed, the alarm set points usually are just high-low limits and the operator's response to 
such alarms is based on written procedures and his or her experience and training. In many 
systems this approach has been successful, but in situations where the cost of a forced outage 
is high an improved method is needed. In such cases it is desirable, if not necessary , to 
detect disturbances in either sensors or the process prior to any actual failure that could 
either shut down the process or challenge any safety system that is present. Recent advances 
in various artificial intelligence techniques have provided the opportunity to perform such 
functions of early detection and diagnosis. In this paper, the experience gained through the 
application of several pattern-recognition techniques to the on-line monitoring and incipient 

; 

disturbance detection of several coolant pumps and numerous sensors at the Experimental 
Breeder Reactor • II {EBR·II) which is located at the Idaho National Engineering Laboratory 

is presented. 

DESCRIPTION OF TIIE EBR-II PLANT 

The Experimental Breeder Reactor No. II {EBR·II) is a small electrical power 
producing, liquid-metal-cooled nuclear reactor operated by Argonne National Laboratory for 
the U.S. Department of Energy. Its nuclear steam supply system produces about 20 MWe 
when the plant is operated at its fuJJ nameplate thermal power rating of 62.5 MW. The plant 
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is currently being used for testing of fuel behavior after cladding failure, demonstration of 
passive safety concepts and improved control systems, demonstration of a closed fuel cycle 
based upon an advanced metallic fuel design and as a test bed for advanced surveillance and 
diagnostic tools. Over 1000 signals from almost as many sensors are collected and routed 
to a data acquisition system (DAS) for monitoring and archiving purposes. 

Signal Validation and Disturbance Detection with SPRT 

An expert system has been developed for signal validation and sensor-operability 
surveillance in nuclear and industrial intelligent-control applications that require high 
reliability, high sensitivity annunciation of degraded sensors or discrepant signals. Signal 
validation and sensor-operability surveillance have recently taken on an elevated importance 
in the context of advanced intelligent control applications. This is because the most well 
designed control system, whether it is totally hardware based or retains a human in the loop, 
can give rise to improper control actions if it is acting on erroneous input signals due to one 
or more degraded sensors. This expert system comprises an interconnected network of high­
sensitivity pattern-recognition modules, each of which embodies a new and powerful tool for 
automated parameter surveillance: the Spectrum-Transform Sequential-Testing (STST, or 
ST2) algorithm. 

In recent years the Sequential Probability Ratio Test (SPRT1 
•
2.3) has found wide 

applications as a signal validation tool in the nuclear reactor industry. Two features of the 
SPRT that make it attractive for parameter surveillance and fault detection are (l) very early 
annunciation of the onset of a disturbance in noisy process variables, and (2) the fact that the 
SPRT has user-specifiable false-alarm and missed-alarm probabilities. One drawback of the 
SPRT that has limited its adaption to a broader range of intelligent controller applications 
is the fact that its mathematical formalism is founded upon an assumption that the signals it 
is monitoring are purely gaussian, independent (white noise) random variables. We have 
undertaken a detailed statistical analysis of a wide variety of plant signals at EBR-II that 
show many types of variables are contaminated by noise that is serially correlated. We have 
found that the presence of serial correlation in a process variable monitored by a SPRT 
module can lead to excessive false-alarm and/or missed-alarm probabilities. 

To avoid these difficulties, and to expand the domain of automated signal-validation 
methods, we have developed and patented a new technique for signal validation and for 
sensor and equipment operability surveillance applications•. The technique is called the 
Spectrum-Transformed Sequential Testing (STST or ST2) method. We call the ST2 method 
a dual transformation method, insofar as it entails both a frequency-domain transformation 
of the original time-series data and a subsequent time-domain transformation of the resultant 
spectrally filtered data. 

The ST2 method provides a superior surveillance tool because it is sensitive not only 
to disturbances in signal mean, but also to very subtle changes in the stochastic patterns 
comprising the noise associated with the monitored signals. It can be mathematically proven 
that the ST2 module provides the earliest possible annunciation of the onset of anomalous 
patterns in physical process variables. 

For sudden, gross failures of sensors or system components an ST2 module would 
annunciate the disturbance as fast as a conventional threshold limit check. However, for 
slow degradation that evolves over a long time period (gradual decalibration bias in a sensor, 
appearance of a new radiation source in the presence of a noisy background signal, wearout 
or buildup of a radial rub in rotating machinery, etc.) the ST2-based system can annunciate 
the incipience or onset of the disturbance long before it would be apparent to visual 
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inspection of strip chart of CRT signal traces, and well before conventional threshold limit 

checks would be tripped. 
A second important feature of the ST2 technique that distinguishes it from 

conventional methods is that it has built-in quantitative false-alarm and missed-alarm 
probabilities. This is quite important in the context of nuclear reactor applications, because 
it makes it possible to apply formal reliability analysis methods to an overall intelligent 
control system comprising a network of interacting ST2 modules that are simultaneously 
monitoring a variety of plant variables. This amenability to formal reliability analysis 
methodology will greatly enhance the Nuclear Regulatory Commission process of granting 
approval for nuclear-plant applications of this system. 

One example of the use of the SPRT algorithms to detect incipient failures during 
operation of the primary coolant pumps in EBR-II was a transient and temporary change in 
the rotational resistance of the shaft in one of the two pumps. A post-event analysis of the 
measured data from the primary pumps (including, for example, shaft speed, pump motor 
power and coolant flow rate, all digitized at 5 second intervals) indicated that the SPRT 
provided an indication with a 99% confidence factor, that the disturbed pump was not 
performing normally at least 6 minutes prior to any observable changes in the nominal signal 
values. It is possible that even an earlier indication was possible, but the data tape was 
available only for the 7 minutes preceding the observed pump changes. 

SYSTEMMONITORINGANDANALYTICALSENSORREPLACEMENTWITHSSA 

The second technique used for monitoring 1s the System State Analyzer of SSA which 
is a state identification and estimation algorithm based on pattern recognition. This 
algorithm can identify and estimate the current state of any system based upon its previous 
operating history. The current state is determined by comparing a vector of sensor signals 
that are closely associated with the performance of the system under consideration with 
previously measured sets of the same signal vectors. This comparison by SSA is 
accomplished by software-based pattern-recognition algorithms that establish pertinent 
relationships (i.e., measure the similarity or overlap) between the signals within a defined 
operational domain. These learned patterns or relationships among the signals are then used 
to identify the learned state that most closely correspond with the cum:nt measured set of 
signals. This process of system state identification is used to detect and diagnose deviations 
in the operational characteristics of a system due to any cause as well as to estimate the 
"true" state of the system. The SSA is presently bl!ing used as an engineering surveillance 
tool for monitoring of EBR·II plant conditions. 

Experience with the SSA at EBR-11 has shown that the normal plant signal pattern 
characteristics identified by the SSA during steady-state operation are highly repeatable 
during a reactor run. When a sensor signal drifts or when a change in the plant occurs, such 
as a slight adjustment in reactor power level, the current observed pattern no longer matches 
the previously overlap with the previously learned states. The SSA evaluates and provides 
a measure of the new pattern overlap with the previously learned states. The SSA flags 
those signals which have the highest relative deviation from the expected pattern and 
estimates the value for each signal that would make the pattern consistent with some 
combination of the previously learned patterns. This feature of the SSA provides signal 
validation capability similar to analytic redundancy techniques and opens up the possibility 
of replacing the signal from a failed or degraded sensor with a validted estimate of the signal 

value. 
In several instances during routine monitoring the SSA has detected signal problems, 

ranging from instrument drift to sensor failures. One of the occurrences was a degradation 
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of a thermocouple measuring the reactor outlet coolant temperature (which provides the basis 
for the reactor core temperature rise) that is used by the reactor operator as a control 
parameter. The degradation of the thermocouple resulted in a decrease in the indicated 
temperature of about 7 °F over 40 minutes (see Figure 1). In the Figure, the central trace 
is the estimated value and the two bounding traces represent the uncertainty in the estimation. 
Over this same time period, the SSA estimated value indicated an increase of several 
degrees. Later analysis showed that the reactor operator, observing the indicated decrease 
in reactor temperature rise, slightly increased the reactor power to compensate. After noting 
that the indicated signal did not respond to the change in power, the operator switched to 
another channel for control. During this entire period of operation with this degraded 
thermocouple, the SSA-estimated temperature provided an accurate value for this parameter, 
including the proper response to the operator adjustments. As can be seen from the data in 
Figure I, the comparison of the estimated signal with the measured signal provided a direct 
indication of a developing problem with that sensor rather than a change or disturbance in 
the operating state of the reactor. Following this experience, we performed a series of 
controlled tests to show that in a real-time operating mode, SSA could determine the "true" 
state of the reactor system based upon 11 previously learned operating stated in the presence 
of multiple sensor faults as well as predict the values of signals in the presence of these 
simulated sensor failures and/or malfunctions. To accomplish this, the code was used in a 
learning mode to establish a learned-state matrix embodying information from 115 signals 
covering 11 separate operating states of the plant. Then, simulated failures in 15 individual 
signals were sequentially instituted through programming changes in the data acquisition 
system. The types of failures included sudden shifts in values as well as total loss of signal. 
As the signals were failed, the code was used ht a real-time monitoring mode where all of 
the signals were estimated and compared with the actual plant measurements. 

The SSA algorithm estimates the current state of the system by comparing the current 
sensor measurements with the previously learned states of the system. Even though 15 
sensors were providing erroneous data, the pattern recognition scheme was able to identify 
the system state and estimate real-time values of all 115 signals. As shown in Figures 2 and 
3, which show faulted signals as well as the estimated signals from SSA (and are 
representative of all the other data), it can be clearly inferred that: (1) the state of the 
system has not changed since there is no change in the estimated signals; and (2) the specific 
sensors shown (here the reactor flow rate and inlet temperature) have developed faults since 
they have deviated from the estimated signals. 

SUMMARY AND CONCLUSIONS 

The pattern-recognition techniques embodied by the SSA and SPRT continue to be 
exploited for use in sensor validation, fault detection and in other applications. The SSA is 
being applied at EBR·II in several specific areas related to fault-tolerant control, operability 
surveillance and plant-life extension. One application is the substitution of the on-line SSA 
calculated estimate of the temperature rise of the primary coolant across the reactor core to 
replace the signal from a failed, inaccessible thermocouple in the reactor outlet pipe. 
Because some of the originally installed primary system instrumentation has failed and is 
inaccessible for replacement the capability to replace key parameter sensor signals with 
validated calculated signal values is important to continued Jong-term availability of EBR-Il. 
The other application is the use of the SSA along with SPRT for long-term degradation 
monitoring of the EBR·II primary pumps which are critical to extended-life operation of 
EBR-II. 
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Although these applications are in their early stages, the initial results together with 
the results of other SSA and SPRT application at EBR-II, have indicated that pattern­
recognition techniques can be very useful in plant surveillance. 
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PlanJ Life Extension, Snowbird, UT, July 31 - Aug. 3, 1988. 
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Figure l. Detection of a 
Natural Disturbance in the 
Sensor Indicating Reactor 
Temperature Rise 

Figure 2. Estimation of the 
Inlet Temperature when the 
Temperature Sensor has been 
Artificially Failed 

Figure 3. Estimation of the 
Flow Rate when the Flow 
Sensor has been Artificially 
Failed 
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PRINCIPAL FACTOR ANALYSIS OF THE REACTOR COOLANT PUMP SYSTEM 

A.B.STRACT 

W"illiam S. Greozebacb 
Applied Management Consultants 
Box5 
325 Huntingroo Ave. 
Boston. MA 02115 
(617) 277-6173 

Thomas J. Marx 
Marx Social Science Research 
196 ApplctOn Stteet 
Cambridge, Massachusetts 02138 

In today's operating cnviroomCllt of nuclear power plants, setpoints are established for key plant parame­
ters. such as tempcnUU!C, pressure aod flow rale. Reducing excumoos beyond tbese seq,oints would save mil­
lioos of dollars as a result of improved plant availability and, as well, improve plant safety. The papei: presents 
the statistical method of prioc:ipal t:acior analysis aod tbe icsults of three amputee runs. 1be results of the SUI· 

Cistical aoalysis indicated tllal it is possible to consistently rank order tbe eleven ttacked variables of tbe reac­
tor coolant pump system. Implemeotalioo of the principal facror method would pcmiit tbc decision maker to 
predict unanticipated II30Sicnts aod reduce plant unavailability. 

1.0 Background 

In today's operating cnviroomCllt of DUclear power plants, setpoiDts are establisbed for key plant parame­
ters. such as tempcnUUrc, pressure, or flow nue. Wben tbcse seq,oints are exoecdcd, it is often common prac­
tice to saam tile reacroc, resultiog io plant sbutdowo for those cases where extended maintenance and repair 
are necessary. Reducing excwsioos beyood tbese seq,oints would save millions of dollars as a result of 
improved plant availability and, as well, improve plant safety. In a recently published case study, 1 classical 
statistical process control techniques (X-Bar, R, and CUSUM charts as well as regression analysis) were 
implemented oo acwaI plant dala gatb=d io real time over a 121-<lay period for tile Reactor Coolant Pump 

1W. S. G=bach aod C. D. Heising, "A Computerized Diagnostic System For Nuclear Power Plants Based 
Upon Statistical Quality Control," Nuclear Technology, VoL 90:1, pp 7- 15, April, 1990; W. S. Greozebacb 
and T. J. Marx, "Principal Factor Analysis of tbe ReaClOr Coolant Pump System," Transactions of the 
American Nuclear Society, Vol. 63, pp 276-278, Jooe, 1991 [Absttact]; W. S. Greozebadl, C. D. Heising. T. 
J. Marx, "Ma.drnum I ikcJibood Facta Analysis of tbe Reaaor Coolant Pump System,~Procudings of the 
Inurnational Topical Muting on the Safery of Thermal Reacwn, (La Grange Patt. Illinois), pp 50--62, 1991; 
W. s. Grenzebadl, C. D. Heising, T. J. Man, "Regression Analysis of tbe Reactor Coolant Pump SyStem," 
Joint I11ternational Power Cor,ference ASME Paper 91-JPGC-NE-B, September, 1991; W. S. Grcozcbacb, C. 
Q. Heising and T. J. Marx, "Cauoolcal Conclatioo Analysis of the Reactor Coolant Pump (RCP) and 
Component Cooling W aJ.t:r (CCW) Systems," Accepted by tbe Probabilistic Safety Assessment lnttma1ional 
Topical Metling, Clearwarer Beach, Florida, Jaoumy 27-'19, 1993; W. S .. Greozebach, C. D. Heising, T. J. 
Marx, "Canonical Correlation Analysis or Reactor Coolant Pump Interaction," Accepted by 
tbe Second TASTED Coofereru:e oo Rdi.ability, Quality Control. and Risk Assessmen•, Cambridge. MA.. 
October 13-IS, 1993. 

045-7 

1 



045 • 8 

System. l Analysis of the data showed the eventual plant ttip could bave been anticipated by at least 15 days by 
using stalistical methods. 

In a higbly complex system such as a nuclear power plant with over 4,000 variables tracked in some fonn 
daily, simple accumulation of X-Bar, R. and CUSUM charts would be a formidable challenge to record and 
interpret as in the model sllldy discussed above. More advanced SWistic:al n:dmiques are needed to reduce the 
number of variables under observation to a more manageable set. Can the objective of assessing the viability 
of the system at any gjven point in time be met by focusing oo a small subset of these measurements? The sta­
tistical procedure of principal factor analysis, piooeered in intelligence tcsling, can belp answer this question. 

Factor analysis is an exploratory technique without the finn foundation in probability and statistics charac· 
teristic of regression analysis. "The characterization of factor analysis as mainly an explora!OI)' technique 
seems correct, because, being based OD the analysis of covariatiooal data and oonnally indeterminate in its 
identification of common factors can ultimately ooly provisionally establish its common faclOrs as causal 
mechanism accounting for the relationships amoog variables."' Factor analysis presents the analyst with ooe 
or two factor rotations possible in a multidimensional space: " ... it may bave been tbe failure to recognize the 
fact that a gjven matrix of correlations could be faciaed in an infinite nmnber of different ways that led to the 
many co01roversies about the 'true', tbe 'best', or the 'covariant' solution for a set of data .... It sbo~ be per­
fectly clear !bat many factor solutiOllS are possible for a giVC11 set of variables for a single sample of individuals. "4 

:2.0 The Principal Factor Method 

Building upoo the classical factor analysis model discussed above. the principal factor method chooses the 
first factor coefficients, an, so as to m.axiroire tbe sum of tbc oonttibutioos of that factor to total rornrounality. 
The sum is gjven by the following fonnula: 

In order to ma:riroire a function of n variables, the methods of La Gnmge multipliers is awlied to maximlz.e 
V 1 • The details of this procedure may be found in the classic cext by Hamlan.5 

The ma•iroizatioo of the original equatioos. using La Gnmge multipliers, results in a system of V equations 
for the solution of n unknowns, a;1. Disregarding tbc important matberoalinll foondations which are necessary 
to obtain this result, the usefuf conclusion from this procedure is that the factor of proportionality Is 

m 
g = :E a'.?-1. This is really another expression ofV1 the quantity to bem.aYimired Thus, V1, is equal to ooe of 

j=l J 
the roots of the chaI1lcU:ristic equation, the largest root ).. These fOO(S are known as eigenvalues in mattix 
notalioo. The swn of the eigenvalues for each factor accounts for tocal commun•Jlt;y. 

Thus it is possible to use the eigenvalues for each factor in a way analogous to the use of R
2 

in regressioo 
analysis, i.e~ as an indicator of tbc proportion of swistic:ally significant variatioo due to a variable. In regres­
sion analysis, of course. R-squared is diJectly linked to an observable variable, while in factor analysis, the 
"factor," itself, is not part of the original da!a set. In regressioo analysis, the conttibution of R-square is based 
upon the method of least-squares. whereas in faclOr analysis, the eigenvalues represent contributions to 

variance. 
In the following analysis, for reasons of space. results are only presented for pomp 2B2. Also, pump 2B2 

bad consistently tbe bigher factor loadings in tbc first factor (temperawre) canpared to the other pumps. 

3,0 Principal Factor Analysis of Pump 2BZ (First Run) 

The factor analysis of Pump 2B2 repealS tbc pattern of Pumps 2Al and 2Bl with a reduction in system 
complexity to two factors (see Table 1). The two-factor model explains 99.9% of Cllplained variance. The fust 
factor accounts for 80.71 % of the variance, while Ille second factor explains the remaining 19.19%. Again, the 

2See Douglas C. Montgomery, Introduction to Staristical QualiJy Contra~ (New Yodt 1985), Pages 173-175, 
and Page 226. Where means and standard deviations are llllknown repealed sampling m.ay be required to 
establish their values. 

3Harry H. Hannan. Modem Factcr Analysis, (Chicago, tm). Page. 342. 
4/bid, Page 4 
5Harmon, op. cil. 
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first factor is heavily loaded by lf:mperawre variables (.77351 for upper bearing, .64007 for downward bear­
ing, and .69156 for lower cavity t.emperalllres) and 0001rolled bleed-off flow (.77627). The second factor 
receives important weightings from bleed-off cavity and upper seal cavity pressures (.21745 and .18071, 
respectively) and coouolled bleed-off flow (.22262). The largest loading is, however, cooaibuted by lower oil 
level (.46848). The Varimax rolalioo for Pump 2B2 does oot cbange tbe total variance explained, but does 
shift tbe ielalive cootrihutioos of tbe two factors. The relative cootribulion of Factor 1 declioes to 53.16%, 
while tbe oootribulioo of Factor 2 inaeases dramatically to 46.83%. Again, tbe first factor is heavily loaded by 
temperawre variables (upper bearing .75766, downward bearing .72118, and lower cavity icmpcralUreS), while 
tbe second factor reveals a very disparate pattern. The largest loading for tbe second factor is lower oil 
(.66706). followed by lower cavity lf:mpera!UtC (.522AO), and coolrolled bleed-off flow (.68524). The fact that 
botb lower cavity temperarure and coouolled bleed-off flow have positive loadings in both factors makes it 
very difficult to come up witb a sensible physical explanation for the Varimax model of Pump 2B2. 

Table 1. Factor Pauem. 

LOL2B2 
UBT2B2 
DBT2B2 
LCT2B2 
BCB2B2 
USCP2B2 
MSCP2B2 
CBF2B2 
V2B21 
V2B22 

Factor 1 

0.47655 
0.72351 
0.64007 
0.69156 

-0.12911 
-0.07116 
-0.36976 

0.77627 
0.44388 
0.18299 

V ari&DCC Explained by Each f l(lor 
F.- I F""°' 2 
2.630082 0.62A1(i1 

Factor2 

0.46848 
-0.32907 
-0.36712 

0.07974 
0.21745 
0.18021 

-0.10501 
0.22262 

-0.05079 
0.11379 

4.0 CommlUl3.lltles Across Pumps (First Run) 

Lower Oil Level 2B2 
Upper Bearing Tc:mperawre 2B2 
Downward Bearing Temperature 2B2 
Lower Cavity Temperawre 2B2 
Bleed-Off Cavity Prcswre 2B2 
Upper Seal Cavity Ptessw-c 2B2 
Middle Seal Cavity Pressure 2B2 
Coouol.led Bleed-Off Flow 2B2 
Vibration 2B:Z.1 
Vibration 2B:Z.2 

Commuoalities are, in effect. the propoctioo which each individual variable cooaibutcs to total system vari­
ance. CornmnnaUties are a weaker iodica,or tban R·square because individual mmm1malities are apporti.ooed 
between the various factors and, therefore, caonot be used dueclly to account for the proportion of staiistically · 
significant variation due to any particular variable. However, it still is interesting to rank order rommnoalities 
across pumps to discover whether theIC is a coosisten1 pattern across pumps. For a normal variable, tbe sum of 
the variances must equal one. Thcteforc. it is possible to use the eigenvalues of tbe final commonality esti­
mateS tO apportion the pcrccotagc of system variance for each variable. These values aie oot disturbed by tbe 
Varimax rotation procedure (see Table 2). 

Table 2. Average of Commuoalities of Four Pumps (First Run). 

R.ankOrder 

I. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 

Variable 

Upper Thrust Bearing Tcmperarure 
Downward Thrust Bearing Temperature 
Lower Cavity 
Cooaolled Bleed-Off 
Lower Oil Level 
Upper Oil Level 
Middle Seal Pressure 
Upper Seal Pressure 
Vibratioll 1 
Blecd-Ofl' Cavity 
Vibratioo2 

% Contribution to Variance 

.1983 

.1781 

.1469 

.1274 

.0744 

.0642 

.0594 
.0434 
.0400 
.0362 
.0303 
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These colDlllunalities indicate a fairly consistent pattern aaoss pumps io which the temperaturc-relaled 
variables account for over 50% of explained variance (52.33% ). These are also the variables which loom large 
io tbe first factor with heavy loadings. 

S.O Principal FactA>r Analysis or Pomp 2B2 (Second Run) 

The panero of temperalllre domloance is repeated for Pump 2B2 (see Table 3). The single factor accounts 
for virtually 100% of explained variance. Heavy loadings IO tbe single facior are contribuled by upper bearing 
(. 78594), downward bearing (. 70632), and lower cavity temperatures (0.62014). The pressure variables have 
negative loadings, while only vibration measmc ooe bas a significant positive JoadiDg (.47529). 

Table 3. Pacior Paucm. 

UBT2B2 
DBT2B2 
LCT2B2 
BCB2B2 
USCP2B2 
MSCP2B2 
V2B2-1 
V2B2-2 

Variuoe Explaiacd by E,cb Faaor 
FadDc I 
1.905402 

Facior 1 

0.78594 
0.70632 
0.62014 

-0.24721 
-0.00103 
-0.28811 
0.41S29 
0.18498 

6.0 Principal Factor Analysis of Pu.mp 2B2 (Third Run) 

Upper Beariog Tcmpc:rarure 2B2 
Downward Bearing Temperatnre 2B2 
Lower cavity Tempcrawre 2B2 
Bleed-Off Cavity Pressure 2B2 
Upper Seal cavity Pressure 2B2 
Middle Seal Cavity Pressure 2B2 
Vibration 2B2-1 
Vibration 2B2-2 

In tbe case of Pump 2B2. tile single factor model is coo6rmed (see Table 4). The single factor model 
accounts for 100% of explained variance. Ooce again, tbe single factor is domioa•rA by heavy loadings from 
temperanm:-related variables: upper bearing (.83268), downward bearing (.75792), and lower cavity (.72834) 
temperamres. The pressurc-relaled variables have either negative coefficients or small positive factor loadings. 
Again, no Vari.max rotatioo was possible with one factor. 

Table 4. Factor Pattero. 

UBT2B2 
DBT2B2 
LCT2.B2 
BCB2B2 
USCP2B2 
MSCP2B2 
V2B2-l 
V2B2-2 

Vaciaooo Expiajned by E,cbFod« 
FadDc I 
2.411546 

Factor 1 

0.83268 
0.75792 
0.72834 

-0.28740 
0.05261 

-0.41279 
0.57577 
0.16120 

7.0 Summary of Three Pr1ncipal Factor Runs 

Upper Bearing Temperamre 2B2 
Downward Bearing Temperawre 2B2 
Lower Cavity Tcmpcratllre 2B2 
Bleed-Off cavity Pressure 2B2 
Upper Seal Cavity Pressure 2B2 
Middle Seal Cavity Pressure 2B2 
Vibration 2B2-1 
Vibratioo 2B2-2 

The !bird run used the entire 121-day data base for eigbt variables. Conttolled bleed-off flow and oil level 
indicators were excludM based npoo the good modeling results of tile seaJOd run. The powerful impact of 
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remperacure variables on system penoroiaoce is demoosll'll!ed by the consistency between the three factor 
runs. In some ways the third run was the most important demonstration of tbe importance of tbe temperature 
variables as it was based upon all values in the data base. In the !bird run. as well, in three of tbe four pumps 
only one factor, the remperature factor, was requiJ:ed to explain 100% of explained variance. The rank order of 
tbe remperature varia!,les was similar to tbe second run in tmns of relative factor loadings (see Table 5): 

Table S. Conaibution of Top Three Variables to FlfSt (or Single) Factor Loadings 

Pump2Al 

Upper .88744 
Down .88365 
Lower . 77448 

Pump2A2 

Upper .85499 
Down .83031 
Lowec .61465 

Pwnp2Bl 

Upper 
Down 
Lower 

.82652 

.74022 

.69452 

Pump2B2 

Upper 
Lower 
Down 

.82667 

.82646 

.65398 

These loadings are far more consistent !ban dlose of tbe second run: upper bearing temperarure has tbe 
highest factor loadings for all four pumps while downward bearing temperatwe is second for all pumps but 
Pump 2B2. Lower cavity rempemwre is !bird in rank except for Pwnp 2B2. 

Toe rank order of communalities for tbe three runs is presented in Table 6. 

Table 6. Average Commonalities of RCP Pwnps. 

Fust Run SecoodRIDI Third Run 

1. Upper 19.83 I. Upper 29.25 1. Upper 28.97 
Bearing Bearing Bearing 

2. Downward 17.81 >52.33 2. Downward 27.38 >76.76 2. Downward 26.63 >79.37 
Bearing Bearing Bearing 

3. Lower 14.69 3. Lowec 20.13 3. Lower 23.77 
Cavity Cavity Cavity 

4. Controlled 12.74 4. Vibration 1 5.67 4. Vibration 1 6.95 
Bleed-Off 

5. Leve!Oil 7.44 5. Middle Seal S.57 5. Middle Seal 6.91 

6. UpperOil 6.42 6. Vibration 2 5.02 6. UpperOil 4.67 

7. Middle Seal 5.94 7. Bleed-Off 3.96 7. Bleed-Off 4.05 

8. Upper Seal 4.34 8. Upper Seal 2.67 8. Vibration 2 2.72 

9. Vibration 1 4.00 

10. Bleed-Off 3.62 
11. Vibration 3.03 

Amazingly, tbe second and third runs rank order the variables identically except for the swapping of places 
between Vibration lndicaror 2 and upper seal cavity. pressure. In the second run using variable values with.in 
two sigma ranges, the top three variables account for 76.76% of explained variance while using the entire data 
base this petCCDtage inaeases to 79.37%. In other words, using outlier values, the explanatory powec of the 
top three variables is only increased. This is an important finding for it m=s that factor analysis could be uti­
liz.ed to predict RCP Sysu:m bellavior even in extreme system states. In any case, principal factor analysis per­
mits ranking of all system variables in a consistent fashion. This permits the analyst or operator to focus bis 
attention on those parameters whicb contribute die largest proportion of explained variance. Principal factor 
analysis !bus achieves wbat defealCd both regression and principal compooents analysis. 

8.0 SWD1111U"Y of Factor Analysis 

Boeh the principal factor and maximmn likelibood medlods produced a self-istent panem wbich is 
compatible with a basic thermodynamic understandlng of the RCP System. It was not possible, using either 
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regression analysis or principal components. to rank <nlct RCP System variables or to develop a consistent 
statistical model of underlying phys.ical processes 

When the oil level indicators and Controlled Bleed-Off Flow were excluded from analysis, both principal 
faaor and maximum likelihood metl>.Qds rcduccd the dimensionality of the problem to one factor: temperature. 
In the case of every pump f,x both methods, the very same tbrcc variables accouoted for heavy factor loadings 
as well as contributed a large proportion to explained variance (see Table 7). 

Table 7. Contribution of Top Three Variables to Communality (Percent) (Upper Bearing, Lower Bearing, 
Lower cavity Temperawres). Comparing Priocipal Factor (Pf) and Maximum Lllcelibood (ML) Methods. 

PF MI.6 

2Al 70.42 83.93 
2A2 71.23 73.35 
2Bl 87.83 90.28 
2B2 78.78 82.69 
Average 77.07 82.56 

In no case was the perceo1age attributed to the top tbrcc variables less tbaD 70 paa:nt for either method. 
Maximum likelihood, which is the method wilb the SttODgcr analytic foondalioo, aoriboled, oo average, a mar­
ginally higher proportion of varian<le to the tcmpenllm'e variables (82.56 pcccent vmus 77.07 pen:eut). These 
results provide a powerful tool for rank ordering the variables within the RCP SyslCID for decision analysis by 
statistical importance for safety mooitoring. In effect, with only one factor ooroinared by tcmperalUCe vari­
ables, the decision maker could foais upon the top three variables for each pump and lose only 20 percent of 
statistically signifu:ant information provided by the othc:t variables. In effect, ooe could reduce die dimension­
ality of tile problem from 44 to 12 parameters. If one includes the four indicalors of die Component Cooling 
Wau:r (CCW) System, total dimensionality is reduced from 48 to 16 parameters, a reduction of 66 peICellt. 
For decision analysis, it would then only be necessary to maintain quality control charts (X-Bar, R. and 
CUSUM) for the top three temperature variables and the four indicatoIS of the CCW System ralbct than for all 
48 variables. Toe results of factOr analysis are also consistent witb and reinfon:e the results of the regression 
analysis on the relalionship between the RCP and CCW Systems. These results will be aoal)7.Cd in further 
swdies. Suffice it to say that the CCW variables are good predictotS of the top lbree RCP variables. Thus, both 
factor analysis and regression analysis establish tempenuure-related variables as key predictOrs of system 
performance. 

If the methodology outlined here were applied systematically to all plant's systems ranked according to 
their contribution to unit downtime, it would be possible to reduce die ttaclcing of variables by 75% (from 
roughly 4,000 variables to 1,000). This enormous reduction in dimensionality would ooosiderably simplify the 
application of statistical process control modeling to nuclear power plant management. Equally, it would be 
possible to identify system degradation in real time and apply this lalowledge to Reliability Centered 
MaiDtenance (RCM) programs and to linlc sratislical modeling to existing predictive mamtcoaoce programs.' 

Toe authors wish to thank Dr. Jobo F. Brenner, Director, Irnage Analysis Laboratory, New England 
Medical Center, for his moral and material support of this project. Wtthout his generous donation of computer 
support this paper would have been considerably delayed Analysis of tbe database was performed on a VAX 
11n80 using SAS·. SAS is the registered trademark of the SAS Institute Inc., Cary, North Carolina 

6Grenzebacb, Heising, Marx, "Maximum Likelihood Factor Analysis of the Reactor Coolant Pump System," 
op. cit. 

7R. J. Colsber (EPRI), W. J. Leonard (PECO), James J. IDebik (Leeds and Northrup), and Jobn R. Scbeibel 
(EPRI), "A Method of Combining Many Diagnostic Monilors Into One Integrated System," Unpublished 
Es.say; EPRI Technical Brief, RP 1864-1, 2338-1, "Automated Remote Monitoring System"; EPRI Resulls, 
RP 1864-1, 2338-1, "PG&E Uses A11torn•ted Remote MooitoriJlg S)'$1em to Tracie Critical Equipment at 
Several Plants," December 1988. 
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FLOWSIM/FLOWRISK: A CODE SYSTEM FOR STUDYING RISK ASSOCIATED 

WITH MATERIAL PROCESS FLOws· 

Alfred M. Kaufman 

Lawrence Livermore National Laboratory 
P.O. Box 808, L-85 
Livermore, CA 94551 

INTRODUCTION 

The need to study and assess life-cycle risks of Pu release by nuclear warheads during 
peace time lead to the development of a code suite which could model day to day operations 
involving nuclear weapons and calculate the associated risk involved in these proceedings. 
The life-cycle study called LIONSHARE is described in Reference 1. The code that models 
the flow is called FlowSim. The code that evaluates the associated risk is called FlowRisk. 
The flow chan in Fig. 1 illustrates the relationship of these codes. 

• Symbols 
• Node D•tlnitlons 
• Initial tnvM1totMt& 
• Constraints 

Risk Oata 
FUa 

• Unit Flo• OeflniUons 
• Fk>w Spe,eillcallons 

FlowSim 

AowSim 
Transaction Log Fil, 

RowRlsk 
• Tablu 
• Graphic:$ 

Figure 1. FlowSim/Flow Risk is a code system designed for risk analysis of material flows. 

We shall concentrate here on the methodology used by FlowSim in modeling material 
flows. Flow Risk, mainly a postprocessor of FlowSim runs, will be dealt with in less detail. 

• Work perfooned by Lawrence Livermore National Laboratory under the auspices of the U.S. Department of 
En~ uoder cootraet number W-7405-ENG-4&s. 
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THE FLOWSIM PARADIGM 

The AowSi.m universe is characterized by material inventory populating a set of states 
called nodes. A state, depending on the application, can be interpreted as a physical 
location. The dynamics of this universe consist of a set of inventory transactions which take 
specified intervals of time to complete. There are two basic transaction types: material 
transfer between nodes and material transformation at a node. Inventory transfer between 
nodes is the model for material flow. Inventory transformation is the model for material 
processing. 

The nodes, inventories, flows and processes are defined at run time using a special 
input language. Definitions are sufficiently general to allow definition of almost any flow 
problem of interest Figure 2 illustrates the elements required to specify a generic problem. 

~ Ill Network definition 

~ ~ 
• SymbOI definitions 
• Nod• and ood• gro.ups 
• lnvontorv au;gnm•nta 

~ 
• Capoeities and constraints 

!Ill • U5-9r functions and data 

----- ----------
Flow definition 

• Prodefined s1aps 
• Us.M-dafin~ steps 
• Unit now definitions 
• Flow module definitions 
• Main flow deflnlUon 

Figure 2. ElementS for FlowSirn problem definition are specified on input. The elementS are a description of 
Ule network and a description of 1he flows. 

AowSim has been implemented as an event driven simulation using Mathematica.2 
The Mathematica programming paradigm is especially suited for dealing with symbolic 
entities such as inventories. 

Network Definition 

The FlowSim network definition introduces inventory symbols, nodes, node groups. 
inventories, inventory constraints and specialized data. 

Inventory symbols come in two varieties: unit symbols and container symbols. A unit 
symbol represents an irreducible quantity in the simulation. A container symbol is employed 
in circumstances where packaging of a unit may be important; e.g. "passe'1ger" may be a 
unit symbol, "auto" may be a container symbol. AowSim then uses the construct: 
"auto"[ 4*"passenger"] to represent a complex entity of an auto containing four 
passengers. 

Nodes are represented hierarchically. They are designated by path names Thus, the 
path designation "US:Califomia:San Francisco:Golden Gate Park" could be a node in 
AowSim. The path "US:California:San Francisco" represents a node group that contains 
"US:California:San Francisco:Golden Gate Park" as a node. The entire set of nodes and 
node groups form a tree-like structure in AowSim. 

Initial Inventories, constraints on inventory amounts and limits on number of 
simultaneous active processes are assigned to nodes at run time. Inventories of Assets 
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required for the completion of certain processes are associated to nodes and node groups as 
well. 

Flow Definition 

In FlowSim. flows are bui lt up hierarchically from a set of elementary predefined 
steps. Aggregations of predefined steps. called user-defined steps, can be defined and 
symbolically referenced by the user as well. 

A unit flow is defined as a set of steps that operate initially on specified inventory at a 
specified node. The inventory upon which the flow will operate is tagged so as to associate 
it with the flow. The tag protectS this inventory so that steps belonging to other unit flows 
cannot operate on it. The steps in the unit flow are sequential. At the completion of the unit 
flow the inventory tag is released. 

0.fiMUnilFlow 
FSKam.(C11, C1 : AowN..-

FSArgs(8eM}, Beu: Symbolic now 
atgumitnt 

Soql( SequentW flow ·- SetNode{Nodef"OOD" ,Sase,"Lfs"ll, Initial node ·- S.lectlnv,ntory{"MMlll"(· AS"f3' '"AV"l)J, lnil-'-1 inv•nto,y ·-- GetAsseWPT"J, Obtain PT 

u- 0.m•teRS( ), OHlatin9st~ 

u-- Tr11v•l(Node("OOD· ,e.au,"LFs"J, Use PT to carry 
Nodtrooo",Base,"AS11 ,"PT"J, RS from LFs lo ASI 

u-- Unload("PT", "RS"(3' "AV")J, Unload RS trom PT ·- ReteaseAu, trPTj, OontwilhPT 

u-- Remov.AS30, Remove RVs trom RS ·-- Oes.lectlnventory[Unl!Flowlnventory) Aelees. inv.ntc;,ry 

11 from this flow. 

Note: P = Pr~enntd step 
U = UHr defined step 

Figure 3. The anaiomy of a unil now definicion in AowSim. Unil flows are built from n sequence of 
predefined and user-<lefined seeps, 

Figure 3 shows the construction of a unit flow in a recent weapon safety assessment. 
The flow simulates the removal of a Reentry System (RS) from a Minuteman III missile. 
and transportation of the RS to an AS&! building. The three RVs are removed in the AS&I 
building and subsequently stored at a facility called an Igloo. 

A flow module as well as the main t1ow is defined by aggregating unit flows. FlowSim 
has several flow constructors as outlined in Fi-g. 4. 

The flow constructors Seql[ ] and Cone[ ] are all that are needed to describe the 
relationship among an arbitrary set of t1ows. The flow Seql[f,g,h] is interpreted as a 
sequential set of flows f, g, and h in which a predecessor must tenninate before a successor 
can begin. The flow Conc[f,g,h] is interpreted as a concurrent set of flows f, g, and h in 
which all begin concurrently upon initiation of the main flow. The termination of the flow 
defined by either Seql[ ] or Cone[ J is signaled by the condition that all have tenninated. 
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Unit .. 
flows 

Main 
flow 

Flow 
Modules 

Flow Constructors 

Soquonlial flow Seql{l,g,h) 

Concurrent flow Cone(f,g,h) 

Alternative flow Altv(n,(l,g,h}J 

Conditional flow When(c, IJ 

Scheduled flow Schd[t,I] 

Figure 4. Flow consuuctors are used to aggregate nows. Seq/ is used to define flows that must follow one 
another and is the consuuctor used in building unit flows from sters. Cone is used to define nows that occur 
concurrently. Altv is used to select from runong several !lows. When is used to initiate flow when some 
condition is met Schd initiates a now ma rredefined time. 

The additional notation const(n,{f,g,h}] is equivalent to the recursive definition 
co11st[f,g,h,co11st[n·l,{f,gh}]). This allows for easy definition of repetitive nows where 
co11st stands for either Seql or Cone. For example. the main now comprising the now cl 
followed by concurrent flows c2, c3, and c3 can be written as 
Seq I[ cl ,Cone[ c2,Conc[2, { c3} ]]) 

The other constructors Altv( ], \Vhen[ ), and Schd[ ) allow for control of nows. 
Using the parameter n , Altv[n,{f,g,h}] allows for selection from among alternative flows 
f,g, or h. \Vhen[c.,f] initiates the !low fwhen the condition c is satisfied. Schd[t,f] schedules 
the flow f at time t. 

Flow Management 

AowSim manages all !lows with a time-ordered event stack which stores process 
initiation and process termination events. The current simulation time is set by the time of 
the latest executed event. The stack is therefore naturally divided by the current simulation 
time. Events whose time stamp precede the current simulation time are in a wait state. They 
will execute when some condition upon which they wait is satisfied. The remaining events 
are expected to be executed at the simulation future. The events in the wait state are polled 
each time a process termination event that is also the termination of a predefined step is 
encountered. Only such a step can change a condition upon which initiation of a flow might 
depend. Figure 5 illustrates event s tack operation. 

Ev•nt• 
wllh unmet 
••ecvelon 
condit1oM 

' "' ..ot~~ ,~ 

Current s imulation tiRMt 

• Th• e\lents ate process initletlon end 
proc::cns termination 

• TM stack is ordered by event .tat1 time 

• All proc.ss initiation events ha¥• start conditions 

• Flows ate u.c:utecl only II theif surt conditions a,e met 

• After e11ch now is executed at tl\41 CM""'11 sknuletion time, 
&II unmet ntcution c;:.ondUons are,.,......_ 

Figure 5. FlowSim ha.'- an evenc srnck I hat mnnages thi: nows. 
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By itself, the event stack is not sufficient to manage the flows being simulated by 
FlowSim. A supponing data structure is also required. The data structure is a tree in which a 
node corresponds to a flow and the branches correspond to subsidiary flows. Each t1ow has 
a status designator which has the values Waiting. Active or Complete. The Waiting state is 
assigned to flows which are queued with unsatisfied conditions. The Active state designates 
flows in progress. The Complete state indicates that the data structure supporting the flow is 
no longer needed. Obviously. the Complete s tate for a parent flow is set by completion of 
all of its children. The time required for completion of a given flow can thus depend, in a 
very nonlinear way. on the times to completion of each of its subsidiary flows. 

Figure 6 shows a sample FlowSim simulation log file which recounts the changes of 
state and activities associated wi th the simulation. The simulation log file contains a 
preamble that describes symbols and nodes used in the simulation and a body in which flow 
activities are recounted. The flow activities contain New lnventory , NewActivity and 
EndActivity messages. A Newlnventory message is genc:rated by a change in inventory at 
any simulation node. New Activity and EndActivity messages are user defined and are used 
as the link to FlowRisk. 

MMlllA.&ero.D1,93 04 25 
Und $yn"C>Oll.1$lj0 RV" I 
Cont~•MrSy~Lis.!"AS·, • PT" .MMIU'I 
NodeSymboflis,WOCO:Mn :'QIOos*.'000.t.l in:lfs· ·ooO:M1n·AS:,'! 

Pra• mb le 

NewinventorylO .. ·ooo.Min:Jgl004', 1o·~Rv·1 FlowMHHg•s 
Nwelnvenk>ry!D .. 'OOO:Mm:LFs·. 1so-t.1.Mllr 1"RS'trAV'I)) 
NewlnvemorylO.,Nt whwento,ylO •• -000.Min:ASJ' O.) 
NewlnventoryjO.,'OOO;Min;LFs', ISO"'MMIIITRS·f3··RV"ll .. ·Pt ·: !i 
Ne,wAcl iv*y (O.,'Oe,n,1.teRS' .1. "000:Mn:Lf s·, l SO''MMltlTRS'(3 .. RV"JI• "Pr( Ii 
NewfnvCN'llory{1.,1)00:M1n·LF$ 0 .MMUI{ J • \ .&9··1.1Mllr1"RS0 f3 .. =l.V"!) -. 

'PT"i"AS13 .. AV"I II 
E.t'l(jAc:IN1ty (1 .• ·oema1eRs·1 
NewAc-1w11y 11 .. ·pr T taver.2;0 00;1.11r,·LFs · ·?T"j""RS"!3·0 R\· ·;; 
Newlnvenloiyl t .06;000:Min:LF$"."MMIU1 j - 149"'MM1rl'("RS .3 .. RV"JI) 
N&wlnven~ry! 1.06 •• 000.Min:ASI' ."Plj"RS'r3'"RV"l)I 

Figure 6. The FlowSim Simula1io11 Log l'ile conrnin, messages for use hy FlowRisk in its pos1processing risk 
analysis run. 

FLO\'V RISK 

FlowRisk is the pos tprocessor of the FlowSim simulation log file. Risks per operation, 
risk rates keyed to Lhe nodes. invc:ntory. and activities modeled in the FlowSim simulation 
are incorporated in a risk data fik FlowRisk merges this information with Lhe simulation 
log file to produce a ti me: history of cumulatc:d risk and risk rate for the simulation. This 
information is displayed graphically. It can show risks associatc:d with a particular 
simulation node. or group of nodes. as well as the t:ntire node network. Figure 7 shows the 
relationships just dc:sc1ihed. 
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I 
Risk Data 
File 

T 
Simulation Graphics: 
Log File I--. FlowRlsk - Rls.k and risk rate 

Figure 7. FlowRisk is a pos1proct'ssor of Ilic simulation log lile. It inco!'J)oraies risk da1a found on a ri.sk data 
file to produce graphical output of cumulative risk and risk rate. 

The Future of FlowSim 

AowSim has shown 1he ability to simulate arbitrary flows of material. It has been 
employed successfully in weapon safe ty analysis where. heretofore. average weapon risk 
models have been used. The code may also be usefu l in logistic simulations and 

manufacturing operational problems. 
Fuiure developments of FlowSim will focus on speeding up the code. It is presently 

written in Mathematica. which is an imerpretive language. Parts of the code could be 
wriuen in C and linked to Mathematica by using MathLink, a protocol for transferring 
information and C programs .. 
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A NE,¥ APPROACH TO THE U:'\CERTAINTY 
EVALUATION IN RISK ASSESSMENT 

P.CeccheUa and M.Mazzini 

Dipartimento di Costruzioni Meccaniche e Nucleari , Universicy of Pisa 
Pisa, 56126 Italy 

INTRODUCTION 

In the past years, various informatic tools have been set-up for risk assessment in 
industrial activities. One of the main problems in this field, yet subject of research, is the 
treatment of uncertainty of the models used for the evaluation of the accident probability or of 
the area in which given consequences occur. 

The uncertainty of risk assessment models is connected to the limits of the physico­
mathematical models used for describing the phenomena, to the poor knowledge of the 
boundary conditions and, at the end, to the same nature of the problem: in fact the studied 
phenomena involve stochastic aspects. For this reason the problem cannot be analysed in 
deterministic terms, but one should consider the various parameters entering in the model with 
their true probabilistic distribution function (pdf). 

The uncertainty of risk assessmenc for an industrial plant may be determined by different 
methods. The first methodology uses directly the pdf of the various input parameters. Inserting 
these directly in the equations of the model, one obtains the exact pdf of the output (Damsleth, 
1990). A second method is basfd on the principle of the Montecarlo procedure: various 
calculations are perfonned, in number sufficient to derive an approximate form of the output 
pdf (Buslenko et al., 1966). A third methodology is based on the experimental design to 
reduce the number of needed calculation runs. without loosing the representativeness of the 
model response. This is very useful in complex cases to assess the relative importance of the 
various parameters. Using also the response surface methodology, it is possible to obtain a 
mathematical approximation of the output as a function of the input parameters (Cortese ct al., 
1989) . Finally, the use of orthogonal experimental matrices allows to reduce at minimum the 
number of runs sufficient to describe the possible combinations between the input parameters 
(Cecchella et al., 1993). 

The paper discusses a little different approach to the evaluation of uncertainty propagation 
in the risk assessment of industrial accidents. The goal is achieved again by the application of 
the experimental design based on the orthogonal matrix; then a random statistical (Montecarlo) 
procedure allows a better resolution of the results. The first step constitutes a preliminary 
sensitivity analysis which allows to distinguish the input parameters into two categories: the 
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first category includes the parameters which play an essential role in the code. the second all 
others. In this way, a good description of the pdf is necessary only for the parameters of the 
first category. This overcomes the main problem in the use of the Montecarlo procedure, i.e. 
the difficulty to perform a very height number of runs for describing the pdf of all input 
parameters with sufficient precision. 

As an example, the proposed methodology is applied to an ammonia release scenario. 

THE METHODOLOGY 

As already mentioned, the proposed methodology consist of the following steps: ( l) a 
sensitivity analysis of the code in order to select the variables which have the main influence on 
the response. This is performed by the application of the experimental design, based on 
orthogonal matrices; (2) random generation of the input arrays to the code, according to the 
adopted pdf; (3) drawing of the uncertainty histogram of the response and statistical analysis of 

the results. 

The Sensitivity Analysis 

The general form which may be used to describe an experimental matrix with m 
experiments is shown by the relationship: 

Y1 x,,1 X1.2 X1,n 

Y2 =! 
X2.1 Xl ,2 X2 ,11 ( l) 

Ym x,,,,1 Xm,2 xm,n 

where the generic row of the matrix [Xk,J, Xk,2, .. ,Xk,nJ is the k-th input./ is the transformation 
function (representative of the computer code implementing the model) and Yk is the 
corresponding k-th value of the output. In our case each parameter xis described by a limited 
number of levels (L) which represent with enough approximation the real distribution of this 
parameter. 

In first approximation we can write the relationship (1) as: 

I 
• 

Y j =µ+ I,;1,1 +e 
i =I 

(2) 

where µ is the mean of the observed values of y in the region defined by the experimental 
matrix, ~k.i is the deviation from µ caused by setting the i-th variable with the value of k level 
end e is the error associated to the linear approximation. Introducing the mean effect factor, 

defined as: 

(3) 

were z is the number of observations in which the k value of i-th variable is present and 
substituting in the equations (2) and (I) (Cecchella et al., 1993), mk,i can be considered an 
index of the effect of the i-th variable at the k level on the mean µ. 
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If we use the orthogonal arrays in the experimental matrix (Phadke. 1989) we can 
demonstrate that the variance of the error term is given by the relationship (Scheffe, 1971 ): 

"' ' ,. [ l '] E= t.(yi -µt - ~ Lt;(m t.i -µr (4) 

where L is the number of levels for the i-th variable. 
The equations (2) and (4) permit to evaluate the level of significance (terms mk.i) of all 

input variables of the model and the error due to the 1.inear approximation. 

The Random Procedure 

The parameters which play a fundamental role in the code are randomised by a procedure 
which takes into account the exact pdf of these variables, using a large experimental matrix 
( J03 rows for each important variable). On the contrary, the variables with a limited level of 
significance can be analysed with an approximation of the real distribution or fixed to the 
nominal values (if mk i is very small). In this way the number of runs is reduced with respect 
to a complete Montecarlo procedure, without loosing to much information. 

The random procedure consists in a random generator, which for any variable determines 
for each run a casual value, taking into account its pdf. In general terms, a random generator 
may be implemented in tree different manners: (I) analytic, in which the random number CXj is 
formed from the preceding one cx;. 1 by applying a mathematical algorithm (Sobol, 1958) (2) 
using a special apparatus on the computer, which transforms the results of a random physical 
process (Sterzer, 1958); (3) using a table of uniformly distributed random numbers (Sobol, 
1975). We used the first type of random generators 

THE STUDY CASE 

For the first application of the methodology discussed we choose the evaluation of the 
uncertainty , due to source term and more important meteorological parameters of the 
consequences of an ammonia release. The accident scenario is that considered in the 
benchmark exercise in risk assessment, recently organised by the European Community 
(Amendola et al., 1992). 

In particu lar the release of ammonia occur.from a pressurized tank (98% liquid phase) 
with a capacity of 233 m3, a mass inventory of about 6· 104 Kg ac pressure of 1.3 MPa and 
temperature of 293 K. The release brings to the formation of a poll under the storage tank, 
with an area of 300 m3, limited bj the containment walls. According to the various participant 
to the benchmark exercise, the fl~wrate outcoming from the tank is comprised between 10 and 
90 Kg/s. The source term is determined by various contributions: the first is given by the gas 
flowing out from the break due to the adiabatic expansion of the vessel content (2% of the total 
flowrate ); others are due to the evaporation from the pool because of the surface heat, of solar 
radiation and of convective heal transfer from the atmosphere. 

The characteristics of airborne ammonia can be 1ha1 of a neutral o heavy gas, depending 
by the release conditions. With the assumptions made, in our case, it can be considered a 
neutral gas. To estimate the ammonia concentrations downwind, the dispersion model adopted 
is the Industrial Source Complex Short Term (ISCST), set-up by the US Environmental 
Protection Agency (Wagner, 1988). It is a gaussian model and considers multipoint, linear, 
area or volume sources of neutral and buoyant airborne emissions. In conclusion our analysis 
refers to the evaluation of the uncertainty in the ammonia concentration averaged on a time 
interval of lb, along the bisector line of the sector in which the wind is blowing. 
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According with the data used in the benchmark exercise, Table 1 shows the main input 
parameters used in the simulation. For the sensitivity analysis we considered 5 levels for each 
variable around the mean value. Figure l shows the assumed pdf of the input parameters in 
stability class D. Analogous set of data were used for the other stability classes (with the notice 
that the pdf of the mixing height is assumed unifonn for classes A and C). 

The sensitivity analysis carried out by the ISCST code gave the results shown in Figure 
2. The preponderance of the wind direction in all classes is evident, with the exception of class 
A; in this class the relevant parameters are the wind speed and the mixing height. All other 
variables play a minor role in the output of ISCST code and can be inserted in the second 
category of importance. These less important quantities are considered with a simplified pdf 
with a standard deviation so that the limit of confidence of 5% correspond to the minimum 
values of these variables. For solar radiation and break flowrate with nominal val ue are 
assumed. In general, the wind direction is described by a wind rose at 16 directions. In this 
way, all directions belonging to a sector of n/8 are associated to the related bisector; the 
uncertainty is ±lt/16 and is uniformly distributed on this interval. The effect of this uncertainty 
was studied by the Montecarlo procedure considering 1000 runs for each stability class, apart 
from class A for which we performed 2500 runs to assess the effect of wind speed and mixing 
height. 

Table 1. Meteorological parameters 
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FIGURE 2 Sensitivity analysis of ISCST code. 

Analys is of the Results 

Figure 3 shows the pdf of the ammonia concentration at I Km from the pool centre in the 
various stability classes. The total range of ammonia concentrations varies from 2 gtm3 to 
zero. The major concribution to the total uncenainty is due to the stability class F. In fact, in the 
other atmospheric stability classes, the variation range is lower, being less than an order of 
magnitude in class A and a little more in classes C and D. These results confirm those obtained 
without applying the Montecarlo procedure (Cecchella et al., 1993). 
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The large range of uncertainty related to the variation of the wind direction in class F 
needs further discussion. The ammonia concentration goes practically to zero at all the 
distances from poll centre for a small change of wind direction because the form of plume is 
very narrow. However, from the practical point of view these uncertainty does not preclude 
any conclusion considering the risk area. In general terms, the risk area is the area in which a 
specific dangerous ,·alue is exceeded. If we fix this value at the level of 0.35 g/m3 (Graziani, 
1991) the results show an uncertainty in the risk area of a few hundred of meters for the 
classes A, C and D. For class F, this can arrive at about 3000 m, but in the form of a very 
narrow ellipse. It is sufficient to evacuate people in direction orthogonal to the wind direction 
at low speed (walking) to reduce the consequences about to zero. 

CONCLUSIONS 

A first conclusion concerns the applied methodology. The height resolution of the results 
with a rather limited number of runs (5.5· 103), with respect to the classic Montecarlo 
procedure, is encouraging. However, its application is realistic only for small codes, which 
have a limited running time. The simulation of the discussed study case on a PC of 386 class 
required about 5 hours of CPU. A larger future field of applications could be assured to the 
methodology by the more powerful computers (i.e. workstations) now in common operation. 

A second conclusion can be drawn about the uncertainty in the evaluation of risk of 
ammonia releases. The results show that most of the uncertainty derives from the uncertainties 
in stability class and wind direction. In particular, in stability class F, a wind rose at 16 
directions is insufficient to describe the plume dispersion. However, if the analysis is 
performed for an uniform distribution of people around the industrial activity, the wind 
direction is not longer relevant and only the stability class plays a decisive role. 

Finally, it has to be emphasised that to have a complete scenario of an accidental ammonia 
release is necessary to apply the methodology whit a model for heavy gas plumes. In fact the 
choice of the model is already cause of uncertainty for chis rype of releases 
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USES OF ZERO-ONE SAMPLING IN PROBABILISTIC 
RISK ASSESSM:ENT. 

Allen L. Camp 

Sandia National Laboratories 
P.O. Box 5800 
Albuquerque, NM 87185 

INTRODUCTION AND BACKGROUND 

The recent NUREG-1150 studies and the LaSalle Probabilistic Risk Assessment 
(PRA) include the most in-depth uncertainty analyses ever performed for commercial 
nuclear reactors.1

.2,3 As a result, the methods used in these studies are often emulated 
and referenced as being the definitive approach for performing such uncertainty analyses. 
While the methods are believed to be robust and to reasonably reflect the magnitude of the 
uncertainties, it is important for future users of these methods to understand some of the 
subtle points of the analysis. In particular, zero-one sampling (ZOS) was a technique 
employed extensively in these studies. The putpose of this paper is to clarify the actual 
use of zero-one sampling in NUREG-1150 and discuss more precisely those applications 
for which zero-one sampling is appropriate. 

PROBABil.JTIES AND FREQUENCIES 

ZOS cannot be discussed without first understanding the meaning of the PRA 
models and the manner in which they are fonnulated. The discussions in this paper 
assume that the PRA model is based on a "probability of frequency• formulation. This 
concept was first introduced in Reference 4 and has undergone much discussion and 
inteipretation in the years since. While not universally approved, it is the most commonly 
used approach. Using the probability of frequency intetpretation, "frequency" refers to 
the outcome of an experiment involving repeated trials, even if the experiment is only a 

*This work is supported by the U.S. Nuclear Regulatory Commission and is performed 
at Sandia National Laboratories, which is operated for the U.S. Department of Energy 
under Contract Number DE-AC04-94AL85000. 
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thought experiment. Frequency, therefore, represents a measurable number. "Probability" 
is a numerical measure of a state of knowledge, a degree of belief, or a state of 
confidence. Probability is considered to be a subjective term, while frequency is more of 
an objective concept. It must be noted that "frequency• is used very loosely as a statistical 
term in this context; it is simply another view of probability. In the context of a PRA, we 
use frequencies to estimate such things as hardware failure rates or human error rates and 
use probabilities to reflect our confidence in a particular value of the frequency. 

The reader should note that it is fundamentally different to estimate the frequency 
of occurrence of an event, such as core damage, and the probability of an event occurring 
within a given time frame. A more detailed discussion of this topic is beyond the scope 
of this paper, but future users of ZOS should review the available literature concerning 
these concepts thoroughly before proceeding with ZOS techniques. In particular, for 
approaches other than probability of frequency, such as probability of probability, ZOS 
may not be appropriate. 

DESCRIPI'ION OF ZERO-ONE SAMPLING (ZOS) 

In an uncertainty analysis involving random or stratified sampling techniques, the 
outcomes are quantified repeatedly using sampled values for each of the probabilistically 
treated parameters in the PRA model. The individual quantifications are referred to as 
"sample members." Many different parameters can be treated, such as pump failure rates, 
the quantity of hydrogen generated, or the time at which the station batteries will be 
depleted. For many of the parameters in the PRA model, continuous probability 
distributions are sampled, producing a different frequency for each sample member. This 
is done for events, such as pump failures, that are believed to be governed by random 
behavior and for which probability distributions have been generated. 

ZOS is a sampling scheme where zero and one are the only allowed frequencies 
for selected parameters. For example, if an event tree question asks whether or not an 
event occurs, each sample member would have a value of zero or one for a branch in that 
question. The fraction of sample members assigned a frequency of one would be based 
on a probability supplied by the PRA analyst. If a physical quantity or a time interval is 
being evaluated, ZOS provides a frequency of one for a particular discrete interval of the 
quantity or time. These concepts are discussed further below. 

USE OF ZOS IN NUREG-1150 AND LASALLE PRAs 

The NUREG-1150 and LaSalle PRAs were among the first to make widespread use 
of ZOS. These PRAs involved a relatively comprehensive approach to uncertainty analysis 
that integrated the three levels of the PRA into an overall uncertainty calculation. This 
broad scope for the uncertainty analysis led to the consideration of many different types 
of issues and variables. For the issues deemed to be most important, panels of experts 
used a formal expert judgment process to provide uncertainty estimates. For less 
important issues, the PRA analysts supplied the uncertainty estimates without the complete 
expert panel process. In some of these cases, continuous probability distributions were 
provided, usually consistent with a probability of frequency inteipretation. In other cases, 
constant branching probabilities were provided. 

Inteipretations of probability and the use of ZOS were hotly debated among the 
PRA analysts involved in the NUREG-1150 and LaSalle PRAs. However, few such 
discussions took place within the expert panels. Although the experts received essential 
training in probabilistic elicitation, most of them bad expertise in reactor safety and 
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particular phenomena, as opposed to PRA and statistics. In general, they supplied 
technical infonnation as requested by the PRA analysts. Therefore, it should not be 
concluded that, because a distribution or a constant branch probability was provided, the 
experts had unequivocally detennined the best characterization of uncertainty for that issue. 
Further, the experts did not usually conclude how the uncertainty infonnation that they 
provided should be treated in the sampling process. As discussed below, practical issues 
often outweighed the need to be statistically precise. In NUREG-1150 and LaSalle, ZOS 
was used for three different cases. 

Case 1: Time Intervals aod Physical Quantities 

There are many variables in a PRA that describe a time of occurrence or a physical 
quantity, rather than a probability or frequency . For example, one of the important 
uncertainties in the Level I PRA analysis was the battery depletion time in long-term 
station blackout sequences. The operator recovery probabilities depend oo the time to 
battery depletion. At the time of the analysis, there was no easy method for sampling the 
time-reliability curve and automatically adjusting the recovery parameters. Therefore, the 
approach taken was to divide the time range int6 five discrete time intervals, essentially 
generating a five-branch question on the event tree. Probabilities were determined for 
each of the five branches. Using ZOS, each sample member contained a frequency of one 
for exactly one of the branches and zero for the other four. The fraction of sample 
members with a value of one for a particular branch was equal to its probability. 

In the Level 2 PRA.s, there were several event tree questions asking about 
particular phenomena. For example, the vessel failure size is very important and affects 
several subsequent event tree questions. The approach taken in NUREG-1150 in some 
instances was to consider discrete sizes and estimate the probability of each case, much 
as was done for the time intervals. Using the probabilities, ZOS was performed, and a 
frequency of one was assigned to exactly one of the cases for each sample member. 

In other parts of the Level 2 PRA.s, continuous distributions for parameters were 
sampled, with a single value used for each sample member. An example of this is the 
amount of hydrogen generated during an accident. At first, this may seem to be the same 
as sampling pump failure rates where a single value of the failure rate is produced for each 
sample member. However, they are different, because both pump success and pump 
failure are quantified for each sample member, i.e. , both outcomes are possible, while the 
amount of hydrogen is treated as the only possible outcome for that sample member. 
Therefore, the latter treatment is equivalent to ZOS (in this case, the approach is 
equivalent to a simulation approach). 

Case 2: Maxirniu the Uncertainty 

A comprehensive PRA involves many hundreds of variables. Generating 
probability distributions for all of these variables is a significant undertaking. There were 
many instances in NUREG-1150 where probability distributions were unavailable for 
particular events. This could occur if the experts did not provide distributions for a 
particular event, if joint probability distributions were involved, or if the analysts simply 
did not expend the resources to generate distributions. In each of these cases, the analysts 
had only constant branch probabilities to describe the events. The use of these 
probabilities as constant split fractions in the model yields no uncertainty in the estimates 
of mean risk (i.e., every sample member has the same value). As an approach to 
maximize the uncertainty from some important variables, ZOS was employed where the 
split fraction was used as the appropriate ZOS probability. This approach is an effective 
screening technique to identify variables that could be important contributors to the 
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uncertainty, although in NUREG-1 I 50 and LaSalle many of the variables were treated this 
way in the final analysis also. 

The case of joint probability distributions is particularly difficult to treat. In these 
cases, a probability is estimated from the combination of other probability distributions. 
An example of this is the containment failure event. The probability of containment 
failure can be determined from the probability of a given pressure loading combined with 
the probability of structural failure, given the loading. The overlap in the two distributions 
determines the probability of containment failure. Although the experts provided 
distributions for pressure loads and structural failure, the combined probability is a single 
number. Generating an uncertainty distribution for containment failure would require 
generating families of distributions for the two underlying variables. This was not done 
for NUREG-1150; rather the analysis effectively used the single number as a constant split 
fraction in ZOS. 

Case 3: Zero-One Events 

A few events were identified where one or more of the experts believed that a 
particular event either always occurred or never occurred; they simply did not know which 
was the true answer. This type of event can be thought of as a "true zero-one event." 
Probabilities were provided that were interpreted as the probability that the true frequency 
was equal to 1.0. ZOS was used, with the fraction of ones being equal to the assigned 
probability. An example of this is the question of Mark I BWR liner meltthrough, 
although further examination of the expert responses indicates that the interpretation of the 
distributions is not straightforward. In fact, there were very few cases where an expert 
indicated that he/she believed an event was a true zero-one event, and in those cases, other 
experts often disagreed. 

ACTUAL BEHAVIORS AND PROPER TREATMENTS 

In many cases, ZOS is being employed for reasons of convenience. Cases 
involving three or more branches for one event tree question, cases involving quantities 
or time intervals, or cases where only a single probability (and not a whole distribution) 
is available are instances where ZOS is employed as a practical solution. The rationale 
for using ZOS in these cases is that it (l) is easy to implement, (2) maximizes the 
uncertainty and (3) allows the variable to be included in an uncertainty analysis to obtain 
an approximation of the uncertainty importance. While these reasons are often 
appropriate, the only absolutely • correct" use of ZOS is for true zero-one variables in 
combination with the "probability of frequency" interpretation of the PRA models. The 
discussions below address appropriate uses of ZOS, based on our current understanding. 

Uncertainty Scoping Studies 

As noted previously, Level 3 PRAs can involve many hundreds of variables. ZOS 
can be used as an effective technique in evaluating which variables are contributing to the 
uncertainty and should receive additional attention. ZOS effectively maximizes the 
uncertainty for a variable and is simple to implement. Only a single point estimate is 
needed to estimate branching probabilities. Subsequent regression analyses can indicate 
the importance of each variable to the overall uncertainty. 
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Multiple Branch Questions 

Multiple branch questions have been difficult to address until recently. Sampling 
continuous distributions is difficult because of the constraint that the probabilities must add 
to one. Approaches involving sampling all branches and normalizing or sequential 
conditional sampling can not be shown to be unbiased in all cases. At the time of 
NUREG-1150, our available computer codes did not include methods for evaluating 
continuous distributions for more than two branches. Therefore, ZOS was used as the 
practical solution for multiple branch questions. 

Since NUREG-1150, a new approach has been developed that allows 
straightforward treatment of continuous distributions for multiple branch questions. This 
approach is described in another paper at this conference. 5 The approach uses the 
asymmetric Dirichlet distribution to provide practical and unbiased sampling of the 
multiple outcomes. The new method will yield a much more accurate representation of 
the uncertainty than ZOS and is recommended as a replacement for ZOS in future PRAs 
unless an event is a true zero-one event as discussed below. 

Zero-One Events 

True zero-one events, as defined previously, are the only events for which ZOS is 
the statistically correct approach, and then it is appropriate only in the probability of 
frequency interpretation. In fact, ZOS is simply a degenerate case of the normal 
probability of frequency formulation in which the probability distribution is a special case 
with zero and one as the only allowed frequencies. The real question in this situation is 
how to determine whether an event is truly a zero-one event. 

It is difficult to imagine a perfect zero-one event in a PRA, that is, an event for 
which the true frequency is exactly zero or one. On the other hand, true frequencies 
might lie close enough to zero or one that the difference is negligible. Detenniningwhat 
is negligible depends upon the particular PRA application. If one is calculating accident 
sequence frequencies and retaining cut sets with frequencies greater than I o-6, then a true 
event frequency of 10·10 (or 1 - 10-1°.) could be treated as zero (or one). That is, if a 
frequency is clearly either less than 10·10 or greater than 1 - 10-10, but the analyst does not 
know which, then the variable could be treated appropriately as zero-one in this instance. 
This process is complicated by the fact that what is negligible changes in different parts 
of the PRA. A level 1 success criteria may be important at a different probability level 
than a containment failure mode, depending upon the particular risk measure. Further, 
a level 1 variable may have more influence on the level 2 results than on the level 1 
results. Therefore, ZOS should only be used when its impact bas been carefully examined 
for all risk measures. 

SUMMARY AND CONCLUSIONS 

ZOS was employed extensively in NUREG-1150 and the LaSalle PRA. ZOS was 
a practical solution to a variety of problems. ZOS remains a useful tool for uncertainty 
scoping and sensitivity studies. It is the correct approach for true zero-one variables 
within the context of the probability of frequency approach. However, true zero-one 
variables are rare in the context of PRA models, and in most other cases, ZOS 
overestimates the uncertainty (there are a few special cases where the uncertainty may be 
underestimated). Recent improvements in our capabilities make ZOS unnecessary in most 
cases. In particular, the use of the Dirichlet distribution allows us to deal with the 
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problems associated with multiple branching. Therefore, we expect the use of ZOS to be 
reduced in the future. 
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COHERENT SAMPLING OF MULTIPLE BRANCH EVENT TREE QUESTIONS' 

Arthur C. Payne Jr." and Gregory D. Wyss .. 

• Anns Control Studies Department 4115 
.. Reactor Systems Safety Analysis Depanment 6412 

Sandia National Laboratories 
Albuquerque, NM 87185 

INTRODUCTION 

In the detailed phenomenological event trees used in recent Level III PRA analyses.'~~ 
questions arise about the possible outcomes of events for which the underlying physics is not well 
understood and where the initial and boundary conditions are uncertain. Exe pies of the types of 
events being analyzed are: What is the containment failure mode?, Is there a large in-vessel steam 
explosion?, How much H,, CO, and CO, are produced during core-<:oncrete interactions? The 
outcomes of each of these questions must be defined based on an understanding of the basic physics 
of the phenomena and the level of detail of the probabilistic analysis. 

Many of these phenomena have never occurred since severe reactor accidents are extremely 
rare events. The only infoonation we have about these phenomena comes from four basic sow:ces: 
general theoretical knowledge, limited experimental results (i.e, limited in number and in 
applicability), a few actual events, and various models of the phenomena All of these phenomena 
have significant uncertainty arising from three basic sow:ces: level of detail, initial and boundary 
conditions, and lack of knowledge. Since it is not possible to conduct enough full scale tests to 
generate a set of "objective" relative frequencies, the probabilities, therefore, will have to be 
"subjective" and generated based on expert knowledge: 

In assessing the conditional probabilities of the various possible outcomes of an event during 
an accident. the expert must 1malg11Date his knowledge with the )evel of detail being used in the 
PRA analysis to generate a set of probabilities for the defined set of outcomes. It is often 
convenient for an expert to foonulate his opinion in teons of expecting to see n. occurrences of 
outcome Ei in N occurrences of event E. The oroer of the outcomes is typically not important 
because the individual aials are viewed as being independent of one another. Mathematically the 
problem can be stated as follows: Given a finite Sllllple n = (n1, n, ....• DJ, where I., n. = N, the 
Sllllple size, for an event with t poss.Ible outcomes (t>l). how do we estimate the probabiUties p = 
(p,,.-, p,) of the various outcomes. and how do we represent our degree of confidence in these 
values? 

' This wol1< support by the U. S. Department of Energy under contract DE·AC04-76DP00789. 
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CURRENT METHODS OF APPROACH 

Because of the difficulty of developing a coherent set of probability distributions for the 
simultaneous sanpling of the probabilities of multioutcomc events, past nuclear power plant 
probabilistic risk assessments (.PRAs) have used various practical workarounds to incorporate 
uncertainty for multioutcome events: 

I. Toe uncertainty is assumed to be represented by the list of potential outcomes itself. In its 
simplest foan, this method represents the uncertainty in outcomes while neglecting the 
uncertainty in probabilities. nus method Is simple but provides only minimal uncertainty 
infounation for the analyst. 

2. "Zero/One" sampling. in which the outcomes of the event are assigned probabilities of 
either zero or one in each observation. and the fraction of observations in the overall sample 
that contain a probability of one for a particular outcome is intended to represent the 
"relative probability" of that outcome. nus is similar to Moote Carlo calculations for 
deteanioistic processes; but, the circumstances under which Zero/One sampling is truly 
appropriate for the probabilistic analysis of risk is subject to much debate within the risk 

assessment community. 
3. Toe multibranch event is evaluated in such a way that only rwo possible outcomes are 

considered likely to occur given each potential set of prior events within the APET model. 
Other outcomes are considered unlikely and are neglected. Traditional uncertainty 
distributions are used to represent these binary pieces of the overall multibranch event 
While thls method provides more uncertainty infoanation to the analyst, it is only 
applicable in a few very special instances. 

4. Toe multibranch event is decomposed into a series of binary eventS with each question 
asking about the occurrence of successive outcomes for the original multibranch event. An 
unconditional uncertainty distribution ls derived for the fust outcome, and conditional 
distributions are derived for subsequent outcomes (conditional upon the non-occurrence of 
previously evaluated outcomes). nus method increases the size and complexity of the 
APET by Increasing the number of events in the model. In addition. the conditional 
distributions are difficult to visualize and very difficult to determine, and it may be very 
difficult to deteanine an appropriate order for the resulting binary events. nus method has 
been used only for questions with a small number of outcomes, at most 3 or 4. 

5. Individual distributions are constructed for each of the potential outcomes to the 
multibranch event Since there is no guarantee that the sampling process will yield 
probabilities that sum to unity, the probabilities are noanali.zed for each obseivation. Our 
limited investigations of this teehnique indicate that the statistics of the noanaliz.ed 
distributions can be very different from those of the original distributions. The result being 
that It may be difficult to defend the validity of such a study In the larger scientific 

community. 

Toe above methods represent practical "work arounds," but they do not produce coherent 
uncettainty infoanation for complex multiple outcome events. This paper presents a systematic 
method that resolves these long-standing difficulties. The solution is based on the use of the 
Dirichlet distribution. which Is a multivariate geoeralization of the beta distribution. This 
distribution has been used in economics and lo expert systems to address Sim.liar problems.' 

JOHNSON'S SOFFICIENTNESS POSTULATE 

W. E JohnSOn! a Ce bridge phllosopher, addressed this problem in a posthumous paper in 
1932- He postulated that the expected value of probability p, depends only upon n,, N, and t. 
Based on this assumption. it can be shown that, for an infinitely exchangeable sequence, the 
probabilities p can be appropriately represented by at-category symmetric Dirichlet distribution (the 
Implication being that the relative magnitudes of the n,'s do not contain any additional infoanation 
about the probability Pi>· I. J. Good,' generalized the argument to finitely exchangeable sequences 
with posterior expectation of success linear in the frequency counL Neither JohnSOn nor Good 
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proved the result for the case t=2; S. L. Zabell' completed the marhematical proofof the generalired 
argument. Zabell proved tha!, for a finitely exchangeable sequence. if the n/s do oot shed 
appreciable light on the value of PJ except through the roughness of p (i.e .• the deviation of the p,'s 
from the equiprobable case. p,=1/t) then the probability of category i depends only on n.. N, t, and 
a constant w, and the distribution of the probabilities p can be represented as an asymmetric 
Dirichlet distribution. 

If the expert judgement problem is represented in this foon, then the job of the expert is to 
select appropria!e values for the Dirichlet distribution constants ro,. However, these constants can 
be derived based on the values n, (I.e .• when foonula!ed in this fashion then ro, = n.+ I). When this 
is done, the sire of N represents the degree of confidence that an expen feels in his expectation of 
the p,'s (E(p,) = rofT.i ro;). 

There are. of course, instances where the assumption of inter:changeability is not a good 
approximation of the problem being modeled. Also. additional infoonalion could be conveyed by 
the relative magnirudes of the ni's other than by the roughness of p. A physical example would be 
the frequency of frequencies (i.e .• the frequency with which a particular value of n, appears) 
obtained in s:mpllng biological species or vocabulary where, for example, all odd n.'s might be 
larger than all even n,'s. However, for the risk assessment problem, we feel thac these assumptions 
are usually valid and that the asymmetric Dirichlet distribution is an appropriate modeling tool. 

THE DIRICHLET DISTRIBUTION 

Since the Dirichlet distribution is defined on the surface r., p, = I, the general asymmetric 
Dirichlet distribution for at-category event has only (t-1) degrees-of-freedom and can be written 
as : 

r(I::~ro.) rrt-1 m,-1 ~ t-1 w - 1 

fp P (P1•···•P,-1)= * ._.1.;-1Pi * (1- ~ ,-iP·) ' 
··· .. rr:~r( ro.) ' 

where the parametecs ro, = n,+ I. i =Ito t·l the i 'th categocy, and p, is the probability of outcome 
E.. The marginal distributions are beta distributions of the foon: 

r(I:'.-1 ro.) ., -1 ,.. -1 
f (p.)= 1 1 * Pi' * (l -p.).,."'i · 

P, ' f( ro.) * f (I: .. ro.) ' 
1 JR J 

In order to get a visual feeling for what this distribution is like, we will specialire to the case 
of a three branch event ttee question. Since the probabilities of the three branches must sum to 1.0. 
there are only 2 degrees-of-freedom in this case and · 

The probability of branch 3 can be expressed in teons of branches I and 2 (i.e .• p, = I • p, • p,). 
For the case of ro, = 2, co, = 3. and co, = 4, Figure I shows a 3-0 representation of the dlstdbution 
and Figure 2 shows a contour plot representation. The peak of the distribution Is at the point (.222. 
.333), the mean probabilities of outcomes I and 2. respectively. In order to get a feel for how the 
shape of the distribution changes. Figwe 3 shows the case with the dominant outcome being 
outcome I, ro = (4,3,2). As can be seen the peak of the disttibution shifts as the mean values shift. 
Figure 4 shows an ex::mple of how increased confidence affects the distribution. In Figure 4 the 
case is ro = (3.5.7). a doubling of the sllllple size, and the narrowing of the distribution is apparent 
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l'RA APPLICATION 

The above method can be used to generate coherent Monte Carlo/Latin Hypercube samples for 
mullibranch event tree questions. Interactive software, developed at Sandia National Laboratories, 
allows an expert to iteratively input the n;s and view the resulting marginal distributions and their 
statistics. The expert may then modify his selected parameteis until he is satisfied that the set of 
marginals adequately represents his beliefs. Sandia has also extended the LHS' code suite to allow 
for sampling of the multivariate Dirichlet distribution. Since the probabllltles sampled from a 
Dirichlet distribution are required to sum to 1, the sampled data can be used directly as branch 
probabilities for multi-branch cvencs in Sandia's EVNTRE9 event tree analysis code. 
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Figure 1, 3-D Dirichlet, Cil = (2,3,4) Figure 2. Contour Plot. oo = (2,3,4) 
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Figure 3. Contour Plot. oo = (4,3.2) Figure 4. Increased Sample Size, Cil = (3,5,7) 

The recently completed Level lll probabilistic risk assessment of the LaSalle Nuclear Power 
Plant provides several instances where a Dirichlet distribution might have been useful. The accident 
progression event tree analysis included several multibranch event tree questions related to 
phenomena that might occur following a breach of the reactor vessel. For our exlltl pie, we will use 
the event tree questlon, "Does the cavity floor fail from core debris attack?" in the case where a 
steam explosion occurs in the n:a::tor cavity pool due to a small pour of molten core maierial from 
the reactor vessel into a flooded reactor cavity. The objective of the event tree question is to 
deteonine whether cavity failure occurs within 30 minutes, one hour, two hours, or after rwo hours. 
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A panel of six expcns was convened m provide insight inm this and other related issues. Tiie 
panel provided responses In the foxm of a cumulative probability for the time frames described 
above. Toe aggregated results for this case showed the probability of cavity failure in Table I. 

These probability densities were modeled in the LaSalle accident progression event tree using 
zero/one sanpling. While zero/one s30p\ing accurately reflects the probability densities. it docs 
not provide any infoxmation regarding the confidence that the panel members placed in their 
numbers. In other won:ls. the probability that cavity failure would occur in Jess than 30 minutes 
is stated as 0.149, but the cxpcns may have only felt confident that the true probability falls 
somewhere beiween 0.1 and 0.2. Toe method used in the LaSalle stUdy. while state of the art at 

the time. did not allow for this type of uncertainty to be either provided by the expcns or modeled 

in the event tree. 

Table 1. Aggregated Probability of Cavity Failure With Time. 

Cavity Failure Time Cumulative 
Probability 

Probability Density 

Less than 30 minutes 0.149 0.149 (failure be[ore 30 minutes) 

Less than I hour 0327 0.178 (failure becween 30 minuces and I hour) 

Less than 2 hours 0.506 0.179 (failure between I hour and 2 hours) 

More lhan two hours 1.00 0.494 (failure, if any, occurs after more than 2 hours) 

The estimates of probability density were used as the basis for generating several Dirichlet 
distributions with differing degrees of confidence. 1be degree of confidence is related to the total 
of the parameters in the Dirichlet distribution (i.e., I, 00\ = N + t. larger N indicates a greater degree 
of confidence). The increasing confidence level can be seen by a reduced standard deviation for 
each marginal distribution as the sum of the distribution parameters increases. In lhe "Low 
Confidence Dirichlet Distribution" exanple shown in Table 2, this would indicate that we could 
imagine 12 occurrences, n = (I, 2, 2. 7), of a stean explosion in the reactor cavity pool due to a 
small pour of molten core material into a flooded reactor cavity, and that one of those occurrences 
would lead to cavity failure in Jess than 30 minutes. two between 30 minutes and ooe hour, and so 
on. One would naturally expect that having more oa:wrences upon which to base an opinion would 
lead to greater confidence in the results, and dial behavior is seen in the other two exanples in 
Table 2 (l.e., n = (11. 14, 14, 40) and n = (108, 130, 130. 362), respectively). Since the mean 
values are ratios of integers, the aggregated probability of the three expertS can not be reproduced 
in the low confidence distribution and. in any case, the exanples in Table 2 represent the densities 
pretending the aggregated distribution was obtained from one expert. ln lhe actual case, lhc 
distributions from the individual expcns would have to be aggregated. 

CONCLUSIONS 

Toe use of lhe asymmetric Dirichlet distribution allows an expert to represent his knowledge 
about a multioutcome issue using an intuitive and natW'al model while at the sane time enforcing 
consistency and coherence in the resultant distributions and allowing for Bayesian updating of the 
distribution if additional kOOwledge is obtained. Since the marginal probabilities are derived from 
a multinomial distribution defined on the unit simplex, Sllllpling the resultant distribution guarantees 
that the set of braneh probabilities selected for each observation will sum to one without the use 
of potentially biasing noanalization techniques. 1he metllod was demonstrated using an exanple 
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046 - 18 from Che LaSalle risk assessment study. Toe use of this technique will allow for Che incoiporation 
of uncertainty into risk assessment models in ways that have previously been impossible. 
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Table 2. Ex1111ple Coherent Probability Densities Generated From the Dirichlet Distribution. 

Distribution Type & Parameters < 30 Min 30Min- l I - 2 Hr > 2 Hr 
Hr 

Expens' Probability Density 0.149 0.178 0.179 0.494 

Low Parameter ( wJ 2 3 3 8 
Confidence 
Dirichlet Mean 0.1250 0.1875 0.1875 0.5000 

Distribution 
Std. Deviation 0.0802 0.0947 0.0947 0.1213 

Moderate Parameter ( aj 12 15 15 41 
Confidence 

Dirichlet Mean 0.1446 0.1807 0.1807 0.4940 

Distribution 
Std. Deviation 0.0384 0.0420 0.0420 0.0546 

High Parameter (aj 109 131 131 363 
Confidence 

Dirichlet Mean 0.1485 0.1785 0.178S 0.4945 

Distribution 
Std. Deviation 0.0131 0.0141 0.0141 0.0184 

I 
I 
I 
I 

I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 

' 
I 
I 
I 
I 
I 

I 
I 
I 
• 

ANALYSIS OF EXTREME TOP EVENT FREQUENCY PERCENTILES 

BASED ON FAST PROBABILITY INTEGRATION• 

Bevan Staple' and F. Eric Haskin' 

'Sandia National Laboratories 

'University of New Mexico 

INTRODUCTION 

In risk assessments, a primary objective is to determine the frequency with which a 

colleaion of initiating and basic events,£,, leads to some undesired top event, T. Uncertainties 

in the occurrence rates, x,, assigned to the initia1.ing and basic events cause uncenainty in the top 

event frequency, z,. The quantitification of the uncertainty in z, is an essential pan of risk 

assessment called uncertainty analysis. Closely related 10 uncertainty analysis is sensitivity 

analysis, which involves the determination of the changes in Zr resulting from changes in the 

occurrence rates of the initiating and basic events. 

In the past, it has been difficult to evaluate the extreme percentiles (such as the 99.9tb or 

the 99. 99th percentiles) of output variables like z,- Analytic methods such as the method of 

moments do not provide estimates of output percentiles and the Moote Carlo (MC) method can be 

used to estimate extreme output percentiles only by resorting 10 large sample sizes. A promising 

alternative to these methods is the fast probability integration (FPI) methods. These methods 

approximate the integrals of multi-variate functions, representing percentiles of interest, without 

recourse to multi-<limensional numerical integration (Hasofer and Lind, 1974; Wu, 1989). FPI 

methods give precise results and have been demonstrated to be more efficient than MC methods 

for estimating extreme output percentiles. FPI allows the analyst to choose extreme percentiles of 

interest and perform sensitivity analyses in those regions . Such analyses can provide valuable 

insights as to the events driving the top event frequency response in extreme probability regions . 

These analyses also provide a way of identifying where additional information would be most 

useful in reducing the uncertainty in the top event frequency. 

In this paper, FPI methods are adapted a) to precisely estimate extreme top event frequency 

percentiles and b) to allow the quantification of sensi1.ivity measures at these extreme percentiles. 

In addition, the relative precision and efficiency of alternative methods for treating lognormally 

distributed inputs is investigated. The methodology is applied to the top event frequency 

expression for the dominant accident sequence from a risk assessment of Grand Gulf nuclear power 

plant {Drouin et al. , 1989). 

• Thi, wort wu pcrfonncd at Sandia National I.Aboratorica , which is operated for the US Department of Energy 

under Contract Number DE-AC04-760P00719 . 
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FASI' PROBABILITY INTEGRATION (FPO 

Fast Probability Integration methods are widely used in the field of structural reliability to 
approximate the integrals of multi-variate functions, representing percentiles of interest, P,. To 
illustrate the concept of FPI, consider a function z(x) where x is a vector of random variables with 
Joint Probability Density Function (JPDF), f.(x). The probability, P,, of not exceeding some 
limiting value of z(x), z,, , is given as 

P, = [ J,(x)dx 
1(:,i <0 

(1) 

where g(x) = z(x) - z. = 0 is termed a limit-state function and g(x) < 0 is the domain of 
integration. Evaluation of the integral in Eq. (1), in general, is very complicated whenf,(x) is the 
JPDF of many variables or when the integral domain is irregular. However, with FPI, the random 
input variables represented by the vector x can be transformed into a probability space represented 
by the vector u whose components are mutually independent, standardized, and normally 
distributed. That is, the variables become normally distributed with means zero and variances one. 
In the u-space, Eq. (1) becomes 

P, = I f.(u)du 
,<• <0 

(2) 

By transformation, all the uncertainties in the input variables are condensed into a single 
reliability index, {j, called the Hasofer-Lind reliability index. The reliability index defines the 
minimum distance from a point u°, called the Most Probable Point (MPP), on the limit-state 
surface to the origin of the coordinates in the u-space. Using {J, the integral of the multi-variate 
function can be estimated by approximating the limit-state function in the u-space, g(u), by a first· 
order or second-order Taylor series expansion about the MPP. A first-order approximation to Eq. 
(2), called the first-order reliability method (FORM), was derived by Hasofer and Lind (1974) and 
is given as 

P, .. ~(-{J) (3) 

Here 4> is the standard normal cumulative distribution function. 

FORMULATION 

The Top Event Frequency Equation 

The top event, T, can be represented by a union of the minimal cut sets, S., which are 
sums of products of basic and initiating events in Boolean notation: 

(4) 

Ne is the number of basic and initiating events, E,. K is the number of cut sets, and each cut set 
S1 is an intersection of initiating and basic events. a,, = I if cut set S1 contains event E,; a,. = 
O otherwise. Under the rare-event approximation, an upper bound to Zr given independent 
occurrence rates, is 

(5) 
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Here °'" = I if the event assigned occurrence rate x, appears in cut set S,; °'" = 0 otherwise. z, 
is the frequency of the k-th minimal cut set. When two or more of the occurrence rates are totally 
correlated they are equal. In this case, a., is the number of appearances of events assigned 
occurrence rate, x,, in cut set S,. 

Two Alternative FPI Quantification Approaches 

In FPI evaluations, all non-normal distributions are approximated by normal distributions. 
If all input distributions are initially normal, the need for approximate distributions in FPI is 
eliminated. The lognormal distribution is frequently used to characterize the uncertainties in x,. 
The lognormal distribution is, however, a modified form of the normal distribution. Consequently, 
transformation of the top event frequency equation from a space of lognormally distributed inputs 
to a sp.ace of normally distributed inputs, before applying FPI, should increase the precision of 
FPl-estimated top event frequency percentiles. 

In the first approach, the occurrence rates are assumed to be lognormally distributed with 
mean m, and error factors EF,. (EF, is the ratio of the 95th to the 5th percentile of x,.) FP! is 
then applied directly to Eq. (2), approximating the lognormal distributions for the x, with normal 
distributions as described by Wu (1989). 

In the second approach, the top event equation is transformed to a space of normally 
distributed independent variables y, before applying FP!: 

(6) 

The normally distributed variables are y, = ln(xJ with meansµ, = ln(mJ-a//2 . and standard 
deviation a,= {ln(EFJ/1.645]"'. The relative precision and efficiency of FPI is investigated by 
comparing the FPI results of the two approaches to the results from a MC sample of size 10,000. 
A sample size of 10,000 was used as a check as it was deemed adequate to produce good results. 

Sensitivity Measures 

Four measures are used to investigate the sensitivity of z, to changes in :c,, at extreme 
percentiles. The four measures, which are discussed in detail by Haskin et al ., (1993), are the 
partial derivative, PD,, the normalized partial derivative ,,PD, which measures the contribution of 
x, to the gradient of Zr, the risk reduction measure, RR,, which is the reduction in Zr achieved by 
eliminating the minimal cut sets containing the event E, from the Boolean expression of the top 
event, and the normalized risk reduction, 11RR,, which divides RR, by the top event frequency Zr 

to indicate the fraction (or percentage) of Zr attributable to cut sets containing eveot E,. 

APPLICATION 

Toe results of the accident sequence analysis for internally initiated events for Grand Gulf 
Unit 1 (Drouin et al ., 1989) indicated that a single accident sequence, which was initiated by a loss 
of offsite power (LOSP), accounted for 89% of the mean core damage frequency. The sequence, 
called station blackout sequence 16, contained 1053 minimal cut sets and 110 events. FPI methods 
are applied to the Grand Gulf dominant station blackout sequence to ascertain the 95th, 99th, 
99.9th, and 99.99th percentiles of the accident sequence frequency, and the values of the 
independent variables at the most probable points corresponding to these percentiles. In the 
analysis, all occurrence rates based on common data are treated as being totally correlated. The 
steps taken in applying FPI to analyze the extreme percentiles of z, and to quantify the four 
sensitivity measures at these percentiles are as follows: 
I. Use the FPI to estimate Zr at the extreme percentiles of interest, for the two alternative 
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approaches. FPI also provides the most probable values i.e., the MPPs of the independent 
variables (x, or y 1) at the selected percentiles of Zr, 

2. Compare the FPI estimates of Zr for the two approaches to the estimates from a MC sample 
of size 10,000. Determine the more precise and efficient of the two approaches. 

3. Use the Top Event Matrix Analysis Code (fEMAC, Iman and Shortencarier, 1986) to 
evaluate the four sensitivity measures at the MPPs corresponding to extreme percentiles. 

Results of the Comparisons of FPI Quantification Alternatives 

The results of the relative precision of alternative methods for treating non-nonnally 
distributed, tailed inputs are presented in Table I. The best agreements are obtained between the 
FPI results for the second approach and the 10,000 MC simulations. In addition, the 
transfonnation to the normally distributed independent variables, reduces the FPI computation time 
by a factor of five. Each percentile determined by FPI in the transformed alternative required less 
than 10% of the run time required for the 10,000 MC sample. Therefore, the second approach 
is the better approach. The remainder of the results are based on this approach. 

Table I . Descriptive Statistics for Grand Gulf Dominant Station Blackout Sequence. 

Approach I Approach 2 10,000 
Quan1ile FPI Es1ima1e FPI Estimate MC Estimaie 

of z,(:r) (yr') of z,(y) (yr') of Zr (yr·') 

0.05 !.OSE-7 1. 11E·7 1.12E•7 
0.50 6.SOE-7 ! .25E-6 9.99E·7 
0.95 9.9SE-6 1.04E-5 1.08E·5 
0.99 3.61E-5 3.65E-5 3.66E-5 

0.999 !.67E-4 1.68E-4 !.69E-4 
0.9999 6.32E-4 6.34E-4 6.36E-4 

Partial Derivative Results 

Table 2. Partial Derivative Measures at the Extreme Percentiles for the Grand Gulf Station 
Blackout Sequence. 

PD,· Rank PD,· Rank PD,· Rank PD,· Ran 
Event 95 99 99.9 99.99 k 

MOV-cc· !.3 IE·3 (!) 3.88E-3 (1) 1.49E-2 (I) 4.74E·2 (!) 
MOV·MA. 7.78E-4 (3) 2.65E-3 (2) 1.13E·2 (2) 3.79E·2 (2) 
DCP-BA T ·LP-CM' 4.70E-4 (4) 5.68E-4 (18) 7.40E-4 (18) 9.!7E-4 (20) 
ACP-DGN-FS" 4.!6E-4 (5) 1.!9E-3 (S) 2.16E-3 (S) 1.49E·2 (4) 
ACP·DGN-FR" 3.9SE-4 (6) 1.21E·3 (6) 4.62E·3 (6) 1.47E-2 (5) 
SSW·HTX·PG" 3.77E-4 (7) !.33E-3 (4) 5.SOE-3 (3) 2.02E·2 (3) 
SSW-MDP-FS-CM' 3.69E-4 (8) 7.64E-4 (15) l.87E-3 (17) 3.98E-3 (17) 
MDP-Fs· 3.58E-4 (9) 1.09E·3 (7) 4.25&3 (7) !.36E-2 (6) 
DGN·MA" 3.44E-4 (10) !.05E-3 (8) 4.15E·3 (8) 1.31E·2 (7) 
FAN·MA" 2.20E-4 (11) 9.93E-4 (9) 3.95E-3 (9) 1.27E·2 (8) 

The results of the partial derivatives and the contributions to the gradient, at the 95th, 99th, 
99.9th and the 99.99th percentiles, for 10 occurrence rates, are shown in Tables 2 and 3 
respectively. All event that share the same occurrence rate share the same PD,. For example, the 
occurrence rates for the events standby service water motor-<>perated valve# 11 fails to open, SSW. 
MOV-CC-MVI I and RCIC motor-<>perated valve #46 fails to open, RCIC-MOV-CC·MY46 are 

* Denotes to«AUy correlated occu.rrcnce n.tes and I denote, uncorrelated occurrence rates. 
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totally correlated, and are represented in Tables 2 and 3 by the group name MOV-CC. Event 
names , such as DCP-BAT-LP-CM (common mode failure of the batteries) are used to denote the 
corresponding uncorrelated occurrence rates. The occurrence rates in Tables 2 and 3 are ranked 
according to the magnitudes of PD, with a rank of 1.0 assigned to the largest partial derivative, 
a rank of 2 to the second largest, and so on. In the case of a tie, the rank assigned is the average 
of the ranks that would have been assigned bad there being no tie. The results in Table 2 indicate 
that PD, at the most probable points increase as the percentile of z7 increases, for all occurrence 
rates. Thus, the top event frequency of the station blackout sequence becomes more sensitive as 
the percentiles increase. The contribution to the gradient shows two different trends. First, the 
results indicate that TJPD, is dominated by two of the independent occurrence rates; the occurrence 
rate for motor operated valves failing to open, MOV-CC, and the occurrence rate for motor 
operated valves being out for maintenance, MOV-MA. Each of these two occurrence rates has 
a contribution to gradient of over 30% at each extreme percentile. Second, 71PD, tends to decrease 
for events having uncorrelated occurrence rates but to increases for totally correlated occurrence 
rates in moving from the 95th percentile to the 99.99th percentile. This indicate that Zr becomes 
more sensitive to changes in totally correlated occurrence rates and less sensitive to other 
occurrence rates at extreme percentiles. For example. 11PD, for DCP-BA T-LP-CM decreases with 
increasing percentiles. 

Table 3. Normalized Partial Derivative Measures at the Extreme Percentiles for the Grand Gulf 

Station Blackout Sequence. 

11PD,- R.anlc 11PD,· Rank 71PD,· Rank 11PD,- Rank 

Event 95 99 99.9 99.99 

MOV-CC" 56.6% (!) 60.2% ( 1) 60.4% ( 1) 60.4% (1) 

MOV-MA" 33.7% (3) 41.1 % (2) 46.0% (2) 48.3% (2) 

DCP-BAT-LP-CM' 20.3% (4) 8.8% (18) 3.0% (18) 1.2% (20) 
ACP-DGN-FS" 18.0% (5) 18.9% (5) 19.0% (5) 19.0% (4) 

ACP-DGN-FR" 17.8% (6) 18.8% (6) 18.8% (6) 18.8% (5) 

SSW-IITX-PG" 16.3% (7) 20.7% (4) 24.0% (3) 25.8% (3) 
SSW-MDP-FS-CM' 16.0% (8) 11.9% (15) 7.6% (17) 5.1% (17) 

MDP-FS" 15.5% (9) 16.9% (7) 17.3% (7) 17.3% (6) 

DGN-MA" 14.9% (IO) 16.2% (8) 16.7% (8) 16.7% (7) 

FAN-MA" 13.9% (11) 15.4% (9) 16.1 % (9) 16.2% (8) 

Risk Reduction Results 

Table 4. losk Reduction Measures at the Extreme Percentiles for the Grand Gulf Station Blackout 
Sequence. 

RR,- RR- RR - RR-
' • • 

Event 95 Rank 99 Rank 99.9 Rank 99.99 Rank 

IE-Tl !.04E-5 (!) 3.65E-5 (!) l.68E-4 (I) 6.34E-4 (!) 
RA-LOSP-IHR l.OOE-5 (2) 3.60E-5 (2) l.67E-4 (2) 6.33E-4 (2) 
RCI-TDP-FR-TDPI 8.29E-{; (3) 3.24E-5 (3) t.59E-4 (3) 6.!4E-4 (3) 

RA-DGHW-IHR 7 .SOE-{; (4) 3.22E-5 (4) !.4SE-4 (4) 5.70E-4 (4) 
ACP-DGN-FS-DG3 7 .2IE-{i (5) 2.76E-5 (5) 1.37E-4 (5) 5.45E-4 (5) 
ACP-DGN-FS-DG2 S.69E-{; (6.5) 2.3SE-5 (6.5) t.23E-4 (6.5) 5.02E-4 (6.5) 
ACP-DGN-FS-DG l 5.69E-{i (6.5) 2.35E-5 (6.S) 1.23E-4 (6.5) S.02E-4 (6.5) 
ACP-DGS-FS-CM !.36E-{; (8.5) 3.58E-{; (8.S) 1.IOE-S (9.5) 2.8SE-S (12.5) 

BETA-2DG !.36E-{i (8.5) 3.58E-{; (8.5) 1. IOE-S (9.5) 2.85E-S (12.5) 
ACP-DGN-FR-DG3 9.99E-7 (10) 3.03E-{; (10) 1.ISE-5 (10) 3.63E-S (8) 
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The risk reductions for 10 events at the MPPs corresponding to the 95th, 99th, 99.9th, and 
the 99.99th percentiles are shown in Table 4. The results indicate that the magnitudes of RR, 
increase as the percentile of Zr increases, for all events. This is not surprising since the magnitude 
of Zr available for reduction increases with increasing percentiles. The results of the normalized 
risk reduction are shown in Table 5. These results indicate that 11RR, is consistently dominated by 
seven events; the loss of offsite power (LOSP) initiating event (IE-Tl), the failure to recover from 
an LOSP in one hour (RA-LOSP-1 HR), the failure of RCIC turbine driven pump to run (RCI­
TDP-FR-TDPI), the failure to recover from the hardware failure of a diesel generator within one 
hour (RA-DGHW-IHR), the failure of diesel generator #3 to start (ACP-DGN-FS-DG3), the 
failure of diesel generator #2 to start (ACP-DGN-FS-DG2), and the failure of diesel generator #1 
to start (ACP-DGN-FS-OGI). Each of these seven events yields an 11RR. of over 50%. As 
expected, 11RR, for the initiating event is always 100% because the initiating event occurs in every 
cut set. For the other six dominant events, 11RR. increase with increasing percentile. In essence, 
important events become even more important at extreme top event frequency percentiles. 

Table 5. Nonna! ized Risk Reduction Measures at the Extreme Percentiles for the Grand Gulf 
Station Blackout Sequence. 

'IRR, 'IRR,· ,,RR,- 11RR,-
Event 95 Rank 99 Rank 99.9 Rank 99.99 Rank 

IE-Tl 100% (1) l00% (1) 100% (I) 100% (!) 
RA-LOSP-IHR 96.6% (2) 98.8% (2) 99.6% (2) 99.9% (2) 
RCI-TDP-FR-TDPI 79.7% (3) 88.7% (3) 94.4% (3) 96.8% (3) 
RA-DGHW-IHR 72.2% (4) 80.3% (4) 86.5% (4) 89.8% (4) 
ACP-DGN-FS-DG3 69.3% (5) 75. 7% (5) 81.4% (5) 85.0% (5) 
ACP-DGN-FS-DG2 54.7% (6.5) 64.4% (6.5) 73.4% (6.S) 79.2% (6.5) 
ACP-DGN-FS-DG I 54.7% (6.5) 64.4% (6.5) 73.4% (6.5) 79.2% (6.5) 
ACP-DGS-FS-CM 13.1 % (8.5) 9.8% (8.5) 6.5% (9.5) 4.5% (12.S) 
BETA-2DG 13.1 % (8.5) 9.8% (8.5) 6.5% (9.5) 4.5% (12.5) 
ACP-DGN-FR-DG3 9.6% (10) 8.3% (10) 6.8% (8) 5.7% (8) 

CONCLUSIONS 

Fast probability integration (FPI) can be used for the quantification of extreme percentiles 
of top event frequencies. In addition, by transforming lognonnally distributed occurrence rates to 
the normal space, improved estimates of the top event frequency are obtained. Normalized risk 
reduction measures evaluated at the most probable points corresponding to the extreme percentiles 
tend to provide relatively consistent rankings of the most important events. The contribution to 
the gradient display more variation, illustrating the tendency for totally correlated occurrence rates 
to become more important at extreme percentiles. Computationally, the FPI method appears to be 
competitive with MC with the advantage clearly in favor of FPI at the extreme percentiles. 
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SAFETY CULTURE: 

WHAT IS IT AND HOW CAN IT BE DEVELOPED? 

David S. Barnes and Sally A- Brearley 

Risk Management Depanment 
AEA Consultancy Services 
Thomson House 
Risley 
Warrington, W A3 6A T 
United Kingdom 

INTRODUCTION 

In an industrial environment, enquiries into the causes of accidents often concentrate on 
the immediate technical reasons for its occurrence. While these have to be established 
through examination of all the evidence at the scene of the accident and subsequent technical 
investigations and calculations, this can often be at the expense of the underlying causes of 
such incidents. The use of enquiry teams in such a manner can be costly and time consuming 
and the use of so-called technical experts, while good at apportioning blame can often fail 
to identify the underlying causes. This can happen because, while they have undoubted 
technical expertise, their understanding of human factors in accident situations and in safety 
management issues has been insufficient- This was highlighted in a recent publication from 
the Advisory Committee on the Safety of Nuclear Installations (ACSN1) in the UK'· 

Recent research work, for example the AEA's Management at Risk Guide1, has found 
that the underlying management and organisational failings contributed significantly to the 
multiple causes of these accidents. As a result of analysing the causes of a number of recent 
major accidents including Bhopal, Three Mile Island, Chernobyl and some major disasters 
in the United Kingdom including Flixborough (chemical plant), the Herald of Free Enterprise 
(ferry accident), Clapham Junction (railway accident), Kings Cross (underground station fire) 
and Piper Alpha (oil rig fire), the focus on the concept of "Safety Culture" has increased. · 

DEFINITION OF SAFETY CULTURE 

The tenn "Safety Culture" is now commonly used to refer to the wider management and 
organisational factors that help to detennine human behaviour in an organisational context. 
There is a lack of common agreement on the exact definition of Safety Culture, but the 
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importance attached to the concept and its recognition as a prime determinant or sarecy 
performance is now well established. 

So what is Safety Culture? Safety Culture has been defined by Pigeon' as: 

"rhe collection of beliefs, nonns, altirudes, roles and practices 
shared within a given grouping •. 

In the nuclear safety field, the notion of safety culture was considered by the 
International Nuclear Safety Advisory Group (INSAG) of the IAEA' following analysis of 
the Chernobyl accident. Their definition of safety culture was presented as: 

"that assembly of characteristics and altitudes in organisations 
and individuals which establishes that, as an overriding priority, 
nuclear plant safety issues receive the artenrion warranted by 
their significance. • 

The IAEA document proposed that safety culture has two major components; firstly the 
framework determined by organisational policy and by managerial action and secondly the 
response of individuals in working within and benefiting by the framework. 

These preceding approaches to safety culture will be discussed in this paper. It will also 
discuss how safety culture can be measured, assessed and developed within an organisation, 
and the experience of AEA Technology within the UK regulatory framework will be used 
for illustration. 

COMPONENTS OF SAFETY CULTURE 

The Management at Risk Guide, while not making a clear definition, considers that the 
role of a safety culture is to ensure that every individual in an organisation will make 
decisions that are in line with the corporate commitment and objectives. Although the 
commitment is required from the very top of the organisation, it is the culture that will 
ultimately ensure the attainment of the corporate safety policy objectives. Corporate 
management must continually develop and maintain the safety culture by demonstrating 
conviction and commitment through: 

providing a framework of policy and management systems 
implementing the policy 
monitoring the performance of the policy. 

Providing The Policy 

In the UK it is a requirement of the Health and Safety at Work etc Act! for all 
companies employing five or more persons to provide a safety policy. The provision of a 
corporate safety policy at a high level within an organisation is therefore a most important 
activity since it can create a basis for a positive approach to safety management. It is also 
essential for promotion of a positive safety culture, but it should not merely pay lip-service 
to concepts of health and safety. It needs to establish the corporate attitude to safety and the 
framework through which safety objectives can be assured; in addition the policy needs to 
be regularly reviewed. 

It is essential that there is a firm commitment from the top of an organisation; as well 
as providing the policy, there must be adequate resourcing. Evidence of positive action, 
involvement and response will also be reflected in the performance monitoring systems. It 
is well known that the success of organisations in eliminating hazards and accidents results 
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from applying policies iaid down at Board level and progressing them throug/1 the successive 
tiers of management. . 

In AEA Technology, the provision of safety policy and arrangements has been a regular 
feature of the company for a number of years. It is described as a statement to all employees 
on the AEA's policy on safety and a description of the key elements of the company's safety 
arrangements•. The policy includes most of the requirements for a written safety policy 
including the general principles, responsibilities for safety, policies on workplace and 
radiological safety, emergency planning, training and the availability of expertise on safety. 
The safety arrangements include the role of the corporate safety body, occupational health 
and plant safety, review and consultation, inspection by external bodies, emergency 
arrangements, incident reporting and investigation, quality assurance and liaison with the 
local communities. 

Implementing The Policy 

Implementation of the safety policies within the organisation requires strong lines of 
authority to be established for safety matters, with clear reporting lines and the minimum 
number of interfaces. It can be too easy to produce policy statements which are difficult to 
implement, because of conflicting organisational objectives. They must be compatible with 
other objectives as they are propagated down the organisation. To ensure the proper 
communication of objectives and priorities, it is also necessary to set out the responsibilities 
and accountabilities for the translation of objectives into detailed engineering and operational 
requirements. 

The safety policy must set out clear guidelines as to how the organisation 's existing 
structure will deal with implementing the corporate safety policy. The component parts of 
an organisation may have different interests, different management styles and different 
approaches of investment responsibilities. In addition, like AEA Technology they may occupy 
several different sites. The safety policy thus requires clear identification of responsibilities 
and lines of communication and control, cutting across internal structures. · 

Thus on a more detailed level, the safety policy needs to be translated into lower tier 
documents according to the organisation's requirements taking into account other company 
policies and relevant legislation. Thus, for example, in the UK a company has a legal 
responsibility to comply with legislation, notably the Health and Safety at Work Act 1974 
and with specific regulations made under that Act and other statutes; in particular the Ionising 
Radiations Regulations 1985, which forms the basis for the protection of individuals arising 
from work with radioactivity. There is an onus on both employers and individual.employees 
for the safety of operations under their control. 

. Policies must also include provision of safe and healthy systems of working through 
ensuring that plant and equipment are designed, constructed, operated, maintained and 
decommissioned in a safe manner; this requires tal<ing all reasonably practicable steps in 
identify, assess and eliminate hazards and, should accidents occur, minimising the 
consequences. 

Lower tier documentation must also reflect the company's commitment to recording, 
reporting, investigating and analysing incidents to improve safety practices, applying QA 
procedures to safety arrangements, provision of facilities for treatments of injuries and illness 
and provision of arrangements for presenting information on safety of operations and health 
of employees. Arrangements for emergency planning and training are equally important and 
need to be developed in lower tier documentation. 

This covers the organisation itself and the systems the organisation develops. However, 
there are other features, the so-called • soft" ones that are just as important. Recent research 
by the USNRC' .. has suggested that safety performance is influenced by aspects such as good 
communications between and within levels in an organisation, good organisational learning, 
a strong focus on safety by the organisation and by individuals and external pressures. 
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Empirical evidence' has shown that accident rates tend to be lower where reseurces are 

devoted to safety, participative relations exist between staff at different levels, management 
visibility is high in operating areas and appropriate training is given a high profile including 
management training, formal safety training and safe skills training. 

· Other factors that affect culture and are linked to safety are perceptions and attitudes of 
staff, risk awareness and perceptions of staff (including managers), assessment (self 
assessment and by others), leadership (with the emphasis on more participative styles), the 
management of stress and violations; the latter concerns the intentional breaching of rules or 
short-<:uts in safety procedures due to conflicts, inadequate understanding of rules, difficulty 
of implementation or production pressures. 

fn AEA Technology, the safety policy has been implemented by the production of a 
series of corporate documents: 

Corporate Safety Directives•• 
Corporate safety Guidance Notes 
Site Safety Instructions. 

The Corporate Safety Directives provide a framework for disseminating the policy; the 
Guidance Notes provide a major input into the safe operation of the AEA' s plants. The series 
of Site Safety Instructions correspond to the specific site licence conditions for which 
arrangements are required to be made; the production of these arrangements is necessary for 
an individual site to be granted a licence by the regulatory body in the UK - the Nuclear 
Installations Inspectorate. 

The above documents are implemented into a wide ranging series of procedures on a 
business level and ultimately on a plant level as procedural, operating, commissioning, 
maintenance, testing etc. instructions. 

Monitoring The Performance Of The Polley 

It has been suggested that the reasons for monitoring safety policy are: 
making sure the policy is happening 
ensuring reinforcement of objectives and commitment 
providing a mechanism to cope with complex, dynamic systems 
demonstrating positive action and response from managers. 

The aspects that need to be monitored are the communication from managers, the 
implementation of the safety policy through working safety programmes and the results from 
the operation of safety programmes. Performance monitoring can be carried out in two ways; 
either setting up a system and remaining passive or investigating actively. The latter course 
can demonstrate commitment and strengthen the culture, whereas the former often only reacts 
to negative performances. 

In the past, conventional measurements of safety perfonnance have included accident 
statistics such as numbers of accidents, lost time injuries, but these can be misleading or even 
dangerous. Their weaknesses are well la,own and they can only provide limited information 
on the requirements te reduce accidents in the future. Safeo/ is a characteristic that is never 
appreciated until something goes wrong. 

Monitoring performance should reflect all activities in an organisation from the highest 
management levels to those at the · operational level. At the latter level, monitoring 
performance can be achieved by audits, assessments, incident reporting and investigation; this 
needs to be translated to a form by which senior managers can appreciate how well the 
policies are performing and how good the safety culture is. 

Again the • soft• issues are of interest. In the monitoring area, organisational learning · 
is important where organisations should be seen to be learning from best practice and 

· accident analysis, should be disseminating new information or information accrued from 
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reviews and incorporating this into current practices. The attitudes of management are again 
important for reviewing safety culture, for devising indicators of safety culture and for 
implementing changes that are necessary in the light of findings from such reviews. 

In AEA Technology, individual businesses run audit programmes on a regular basis 
throughout different departments. These can cover wide ranging issues such as compliance 
with maintenance and modification procedures, use of respiratory protection equipment, 
heeding the requirements of basic radiological protection etc. In addition, investigations are 
carried out into all incident reports, but at the appropriate level to the potential significance 
of each incident. 

Further, since the AEA, like all licenced operators in the UK, come under the 
jurisdiction of the regulatory authority, the Nuclear Installations Inspectorate, they are also 
audited by the NII; this occurs more usually when a concern arises within the industry over 
a panicular issue, but can equally happen when a panicular area of operations is randomly 
selected, eg. waste management, permit to work procedures. 

SAFETY CULTURE IN AN OPERATING PLANT 

AEA Technology, fonnerly the UKAEA, has developed from the major UK nuclear 
research and development organisation in the 1950s, to a world class service business, using 
scientific and engineering skills for the benefit of a wide range of customers. The services 
are delivered through seven business units, each responsible for panicular fields of activity. 
These operate from six scientific and engineering centres in the UK with smaller offices close 
to customers in the UK and overseas. 

Within some of the business units, AEA Technology still operates a number of nuclear 
plants, including a prototype fast reactor. Safety considerations have always played a key part 
in plant operations. This started almost 25 years ago when safety working panies were set 
up to monitor safety documentation for the facilities and to review the safety of past 
operations. This has developed over the years as safety assessment methods have evolved, 
specifically the need for each operating facility to produce a Safety Case for plant operation. 
These are "living" documents which need to be reviewed periodically. 

In AEA Technology in the UK, the responsibility for the safe operation of active 
facilities is vested in the appropriate Business Directors, but the safe management of 
individual facilities is delegated to specific Plant Managers who hold the • operational 
certificate" for the plant, known as the Authority to Operate (ATO). This ATO specifies, 
through a series of fundamental documents, the operational limits on which the plant must 
be run. This series of documents is .generally limited to the Operational Safety Case, the 

· Maintenance Requirements, the Operational Envelope and the Business Safety Management 
Procedures. 

All of these documents are essential. The Operational Safety Case demonstrates that the 
facility can be operated in a safe and efficient manner within the company safety policy and 
criteria and current regulatory criteria. The Maintenance Requirements indicate the 
engineering (mechanical, electrical etc.) conditions that are required to be satisfied before the 
plant can be operated. 

The Operational Envelope specifies other non-engineering (staffing, discharge limits 
etc.) requirements which are also needed to be in place before commencement of operations. 
Finally the Management Procedures are those fundamental administrative requirements which 
should be adhered to or invoked during the operation of the plant. 

The above features, however, merely consider the most direct aspects of the system for 
operating a plant. Other features are just as important; these include the training of operators, 
including refresher training, the control of modifications on the plant, the proper use of the 
permit to work system, the encouragement of reporting of and the appropriate investigation 
of incidents, the testing of the emergency procedures, the review of all documentation 
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047-6 including operating instructions and the self-auditing of these and other safety characteristics. 
The organisation also operates a policy of reviewing plant operations annual! y; this 

normally forms the basis of issue of an A TO for a further period of one year. It is important 
that not only are the direct safety aspects fully covered, but also the apparently indirect or 
"softer" issues. This can often be assessed from plant management's attitude to . safety 
reviews and their general responsibility and responsiveness to safety issues. A good manager 
will be active in many areas such as up-to-date documentation, review of incidents etc. but 
will also have a positive attitude to safety culture on the plant through review of operator and 
management training, learning from incident investigations and his/her general leadership 
qualities and presence on the plant. 

FURTHER DEVEWPMENTS IN SAFETY CULTURE 

The AEA's Management at Risk document' suggested there were seven ·steps in 
developing and retaining a good safety culture which were: 

demonstration of conviction and commitment at the highest 
level 
the setting of objectives and standards at the highest level 
propagation of objectives and standards throughout the 
organisation 
raise awareness and involvement of individuals throughout the 
organisation 
monitor and audit performance throughout the organisation 
use of proactive follow-up measures to eliminate deficiencies 
and take new initiatives 
listen to concerns of all staff in the organisation. 

As already described the first four components are concerned with policy making and 
the last three are closing the loop in terms of monitoring and follow-up to sustain the culture. 

This paper has attempted to raise the overall issues which can develop an improved 
safety culture within an organisation. These are all key areas which develop from the 
organisation's safety policy. There are, in addition, a number of other issues which are 
important, but which are less easily defined. These are the ~ed "soft" issues and include 
such areas as communications, self assessment, leadership and management of stress. 
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SAFETY CULTURE AND ITS REFLECTIONS IN JOB AND ORGANIZATIONAL 

DESIGN: TOTAL SAFETY MANAGEMENT 

ABSTRACT 

Gudela Grote and Curio Kunzler 

Work and Organizational Psychology Unit 
Swiss Federal Instirute of Technology, 
ETH-Zentrum, 8092 Zllrich, Switzerland 

Based on existing models of safety culture, especially the model developed by the 
International Nuclear Safety Advisory Group (INSAG), and the sociotechnical systems 
approach an extended model of safety culture termed Total Safety Management is 
suggested. This model stresses not only characteristics directly related to safety like safety 
guidelines, training programs, operating procedures etc., but also characteristics of job and 
organizational design that can be assumed to have an indirect effect on safety as they 
influence the degree of control over variances and disturbances by the operators in the 
production process. Some preliminary results from several case studies testing the 
adequacy of this model are presented. 

INTRODUCTION 

In recent years, the focus of research into work and production safety has shifted from 
individual-centered analyses of operator errors, their causes and measures for their 
prevention to analyses of the sociotechnical system, emphazising factors like safety 
philosophy and safety management of an organization. 

From the viewpoint of the sociotechnical systems approach, work systems consist of a 
technical and a social subsystem which interact in performing the primary task of the work 
system, e.g. producing certain goods or services. if safety is defined as a crucial aspect of 
the primary task, safety measures should penetrate the whole system instead of aiming at 
isolated human or technical aspects. Instead of focusing on the prevention of accidents, a 
variety of factors concerning work and organizational design should be considered as 
influencing a system's safety. Those factors can be understood as expressions of a safety 
culrure. 

In the following, current approaches to safety culrure and the sociotechnical systems 
approach are outlined briefly in order to provide some background for the research 
questions studied. The research design and some results of the ongoing investigations are 
presented subsequently. 

THE CONCEPT OF SAFETY CULTURE 

The International Nuclear Safety Advisory Group (INSAG), among others, coined the 
term safety culrure as "that assembly of characteristics and attitudes in organizations and 
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individuals which establishes that, as an overriding priority, nuclear safety issues receive 
the attention warranted by their significance" (INSAG, 1991, p. 1). The group also 
provided a framework for the "measurement" of safety culture by distinguishing 
characteristics of safety culture on the strategic. management, and individual level of an 
organizatii;m and giving examples of questions to assess these characteristics (Figure 1). 

Similar characteristics to those in the INSAG-model have been identified by empirical 
comparisons between "safe" and "unsafe" organizations (e.g. Cohen, 1977; Zofar, 1980) 
and through analysis of active and latent. failures leading to major accidents (Reason, 
1990a/b). Frequently mentioned characteristics are management commitment to safety, 
safety training and motivation. safety committees and safety rules, record keeping on 
accidents, sufficient inspection and communication, adequate operation and maintenance 
procedures, well-designed and functioning technical equipment and good house keeping. 

Stat......,t of Safety Policy 

Mallag..,...nt Structures 
.Policy Leve 
Commitlllent ·r- Reaourcaa 

Managers• 
Commitment 

Salt-Regulation 

Definition of responsibilities 

Definition and Control of Safety Practices 

Qualifications and Training 

Rewards and Sanctions 

Audit, Review and Comparison 

Questioning Attitude 

Individuals 'I Rigorous and Prudent Approach 
Commitmant 

COIIIIIIUDiCation 

Figure l. lNSAG-Modcl of Safety Culture (INSAG. 1991) 

A major problem with the existing models of safety culture is their lack of integration 
into general models of organization and of organizational culrurc, understood as the deeply 
rooted assumptions about human. societal and ecological categories shared by the members 
·of an organization and their expression in values, behavior patterns, and artifacts found in 
the organization ( e.g. Schein, 1985). Should safety culture be conceived of as a part of a 
more global organizational culrurc or is it a specific expression of or type of organizational 
culture? The definition of safety culrurc by INSAG refers to safety-related attitutes, but no 
mention is made of their connection to other norms in the organization. Also, the 

. connection between safety-related characteristics of a system and more general characteri. 
sties. like job and organizational design and the use of t.echnology, is missing. Thereby, the 
impression is furthered that safety can be looked upon and be promoted as something 
detached from the make-up of the sociotechnical system as a whole. 

This view that the promotion of safety is an issue unrelated to questions of technology 
use and job and organization design, requiring separate norms, organizational resources, 
and implementation mechanisms, can also be found in industrial practice. Work organiza­
tion and technology use in everyday operations are rarely planned with explicit reference to 
safety. Rather. they are planned with respect to production requirements and only after­
wards tested against safety standards. The conflict between production and safety is not 
resolved, however, by pointing to the importance of safety through policy statements, 
extensive safety regulations, large safety staff, safety training etc. It can be argued even that 
the conflict is cemented in that way because safety is treated as something separate from 
everyday business. For the initial establishment of safety issues in an organization, this 
separation may be useful, but in order to achieve a "safety culrurc", safety has to become an t 
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integral part of planning and operation. Under the heading of Total Quality Management, 
such an integral approach has been developed with respect to quality. Similarly, the 
establishment of a safety culture could be described as "Total Safety Management". 

It is argued here that the sociotechnical systems approach can provide the basis for 
such a Total Safety Management. This approach and the resulting assumptions regarding 
the promotion of safety culture will be described in the next section. 

A SOCIOTECHNICAL SYSTEMS APPROACH TO SAFETY CULTURE 

As mentioned already, the sociotechnical systems approach conceives of work 
systems as having a technical and a social subsystem which together determine how well 
the primary task of a work system can be accomplished. Only if the two subsystems are 
jointly optimized, can maximum effectiveness be achieved. The predominant design 
objective is the provision of a high degree of self-regulation in the sub-unitS of the work 
system down to its individual members in order to allow for direct and flexible reaction to 
or proactive prevention of variances in the production process (cf. e.g. Emery, 1959; Ulich, 
1991). 

On at least two levels the sociotechnical systems approach can be linked to safety, i.e. 
the definition of the primary task of a work system and the degree of self-regulation of sub­
units in the system. Starting from the assumption that work systems are created and 
designed with respect to the optimal accomplishment of their primary task, this task should 
be defined not only in terms of the quantity and quality of products or services, but should 
contain the safety of their production as well. Only when safety is understood as a central 
task inseparably linked to production, can one assume that safety measures will penetrate 
every part of the work system. Secondly, it is widely assumed that a high degree of self­
regulation of work teams is beneficial to safety. This assumption has two roots, one is that 
especially in complex systems immediate reactions to variances and disturbances in the 
production process as well as anticipatory actions for their prevention necessitate the 
delegation of control to the lowest, i.e. shop floor, level (e .g. Perrow, 1984). The second 
root is the motivation model embedded in the sociotechnical approach, i.e. task orientation 
(Emery, 1959; Ulich, 1991). Tasks that among other things allow for a high degree of 
autonomy, task completeness and task feedback, will further an indiviual's intrinsic 
motivation. If. as derived from the definition of the primary task, his or her task includes 
safety, then motivation should also be directed towards that aspect of the task. Some 
empirical evidence for this assumption has been provided in studies on the effects of 
working in semi-autonomous work teams where it could be shown that accidents and 
unsafe acts decreased (Trist et al .• 1963; Trist, Susman & Brown, 1977). 

On the basis of these links between sociotechnical systems design and safety. it is 
suggested that the existing models of safety culture should be extended by characteristics of 
the work system not directly related to safety, especially characteristics of job and organi­
zational design influencing the degree of self-regulation on the shop floor. Another 
important design aspect in highly automated systems to be mentioned here - without being 
able to discuss it further - is the task allocation between operator and technical system, as 
the often impossible job demands placed on operators of those systems (e.g. Bainbridge, 
1982, describing those "ironies of automation") relate quite directly to a system's safety. 

Finally, as mentioned earlier, a model of safety culture should be incorporated into a 
more general model of organizational culture (e.g. Schein, 1985). In addition to elements 
included in existing models of safety culture, at least two aspects should be looked at: (1) 
the chosen form of work organization, its underlying assumptions - e.g. regarding the 
nature of human activity and the necessity of control - , and its consequences for individual 
work tasks and (2) management philosophies on automation and human reliability and their 
expressions in the actual division of functions between human operators and machines. 
Both of these aspects have been pointed out as relevant to the safety of work systems by a 
number of authors, but they have not yet been linked to the idea of safety culture. 
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RESEARCH DESIGN 

The goals of the research are twofold. Firstly, the assumptions outlined above 
concerning the relationship between sociotechnical design and safety are tested within the 
limitations for operationalizing the concept of safety itself. Reason has described these 
difficulties quite well: "Chance conjunctions and ever-present hazards can bring 
catastrophe to the best-run organisations. Accidents, significant events and even lost time 
injuries, having large stochastic components, can only give us a very peculiar sampling of 
an organisation's strengths and weaknesses" (Reason, 1990b, p. 15). Secondly, the 
feasibility of safety analysis and design of safety measures based on the extended model of 
safety culture are investigated. 

For the investigation of the various aspects of safety culture and means of their 
analysis, comparative studies in three chemical companies and one transportation company 
are carried ouL Data are obtained by a variety of methods: 

interviews with safety officers and managers in production and technical support 
dealing with safety policies, automation philosophy, general principles of work 
organization etc. 

questionnaires for production workers dealing with their work situation and their 
views on safety in their company 

observations of production workers during their regular work in different production 
areas with different degrees of automation in order to describe differences in jobs 
based on different types of technical conditions 

analysis of documents like organizational charts, safety regulations, descriptions of 
work procedures, and accident reports. 

RESULTS . 

Only a few results of the ongoing investigations will be presented, given the space 
limitations of this article. 

Comparing the four companies with respect to the definition of their primary task, one 
finds that safety is an integral part of the primary task mainly in the transportation 
company. Public transportation, which is the task of this company, has always been linked 
to safety more than industrial production. In ·chemical plants, safety has only gradually 
increased in importance, often as a reaction to major accidents. This basic difference can 
also be found in the companies' safety organization. In the transportation company, there 
are few special safety staff, just working on safety matters; instead, the responsibility for 
safety is integrated into all safety-relevant jobs. In the chemical companies large groups 
exist whose main job is the design of safety measures, risk analyses, safety training etc. 

Table l summarizes the answers by chemical shift workers and managers, rail traffic 
controllers and engine drivers to the question whether in their opinion safety comes first in 
cases of conflict with immediate production requirements. The scale ranged from l to 5, l 
meaning "Safety first". The respondents were also asked to indicate whether they thought 
improvements necessary in the way conflicts between safety and production were dealt 
with. 

The results show that in general the respondents thought that the Safety Fust-principle 
· was operating, even though improvements were still possible. However, the rail traffic 
controllers and engine drivers were more content than the chemical workers. Differences 
between managers and workers in the chemical plants indicate that the Safety First· 
principle might be more a dictated than a lived-by norm. Finally, the worst results were 
found in Company A which experiences the most economic pressure of the three chemical 
companies. 

These results provide some support for the assumption outlined earlier that conflicts 
between safety and .production can more likely be solved in favor of safety in organizations 
where safety is understood as an integral part of the primary task of the work system. 
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Table 1. Perception of lhe Safety First-principle in four companies 

Company Respondents Agreement to N Percentage N 
"Safety First" wanting im-

provement 

Transportation Traffic controllers 1.33 55 17.3 52 

Engine drivers 1.63 32 26.7 30 

Chemistry A Shift workers 2.08 39 58.8 34 

Chemistry B Shift workers 1.59 32 32.0 25 

Chemistry C Shift workers 1.76 46 33.3 39 

Chemistry All Shift workers 1.82 117 41.8 98 

Managers 1.52 93 25.3 91 

Questionnaire data on job perception ("Subjektive Arbeitsanalyse", Udris & Alioth, 
1980; Table 2) were obtained from rail traffic controllers and chemical plant operators. 
They were asked to describe their jobs with respect to a number of characteristics linked to 
the task orientation model presented earlier. Scales ranged from I to 5. 5 indicating a high 
level of that characteristic. Despite all differences in production requirements, job condi­
tions, degree of automation etc., the two groups perceived their jobs quite similarly, 
possibly because both jobs predominantly require production surveillance. Generally, the 
traffic controllers rated their jobs slightly higher, however. Both groups perceived low 
autonomy in their jobs, restrictions originating from time tables and operating procedures 
respectively. The largest difference was the higher demands the traffic controllers experien­
ced as compared to the chemical workers. These demands are also expressed in the higher 
qualification required for traffic control. These employees all went through a three year 
apprenticeship while the chemical workers are often trained on the job over a few months. 

Table 2. Job perceptions by traffic controllers and chemical workers 

Job characteristic Respondents 

Traffic conn-oilers Chemical workers 

N=52 N= 113 

Autonomy 2.89 2.98 

Task variety 4.60 3.96 

Task transperence 4.31 3.88 

Social transparence 4.10 3.61 

Task demands 4.88 3.94 

Chances for development 3.94 3.57 

Social support 4.22 3.70 

Cooperation 4.06 3.72 

Respect from supervisors 4.16 3.58 

Adequate quantity of work 3.29 3.64 

Adequate work difficulty 3.93 3.60 
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Analyzing the daily work activities of these two groups, again a number of similarites 
were found, especially some effectS of automation were very similar: with higher degrees 
of automation, control tasks decreased while surveillance tasks increased; experience 
gained in less automated systems seemed crucial for operating automated systems because 
of a general understanding for production processes that is gained much better in manually 
operated systems. Other effects varied, depending on the chosen work organization, e.g. in 
chemical plantS splitting the responsibility for working in the central control room and in 
the plant versus having workers do both jobs or requiring written protocols even in 
automated plants versus requiring protocols only in manually operated plants. 

The analysis of the job situation for traffic controllers and chemical workers has not 
been completed. However, the opponunities for self-regulation can be considered quite 
low, especially in the chemical plants, given e.g. ever-present written procedures, strict 
hierarchical structures in decision-making, and strong organizational divisions between 
planning, manufacturing, and quality control. Also, the low qualification level of most 
chemical workers restricts the potential for self-regulation. 

CONCLUSION 

The results provide some first support for the assumptions underlying the proposed 
model of safety culture termed Total Safety Management. Discussions with safety experts 
and production managers in the companies studied have also shown that they readily 
acknowledge the link between safety and job and organizational design, especially with 
respect to problems arising from high levels of automation. At the same time very little has 
been done so far to put this knowledge into practice. It is hoped that the analysis and design 
instrument based on the extended model of safety culture, which will be the practical 
outcome of the research presented, can be helpful in establishing this link in industrial 
safety practice. 
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ASSESSING ORGANIZATIONAL IMPACT ON REACTOR SAFETY 

ABSTRACT 

Wei G. He1 

1PLG, Inc. 
4590 MacArthur Boulevard, Suite 400 
Newport Beach, CA 92660-2027 

This paper discusses a backward approach to evaluating quantitatively the role of 
organizational factors in reactor safety. This approach assumes that the conventional 
probabilistic risk assessment (PRA) models have implicitly included organizational factors 
when plant-specific experience have been inputted to the model. The approach starts with 
the determination of the core damage frequencies (CDF) for the interested nuclear power 
plant (NPP) and the population from which the NPP comes. The CDF differences between 
the plant and the population are identified, and the contributors are determined. The 
approach continues to assess the contributors to determine if specific plant practices are the 
cause. These plant practices are traced back to the plant management systems. Finally, the 
role of organizational factors can be evaluated to determine how these factors shape the 
management practices, which, in turn, yield the interested differences. It is found, by using 
this approach, that organizational factors impact the numerical values of basic variables, 
accident sequences, and CDF. The results indicate that organizational impact on CDF 
would not be much larger than a factor of I 0. 

INTRODUCTION 

Considerable evidence has been accumulated in the last two decades to suggest that 
organizations who run NPPs might have impacts on reactor safety that are much more direct 
than the risk assessment community had realized. The NPP performance comparisons, and 
severe accidents studies have shown some direct influences of organization and 
management. 1,2,3 The U.S. Nuclear Regulatory Commission (NRC) concurred that "no 
level of technical safeguards can make a nuclear facility safe unless it has a good 
management." Attempts have been made within and outside the PRA community to link 
organizational factors to reactor safety, and considerable progress has been made. These 
investigations have been successful in identifying the general structure of NPP 
organizations. 4 Hundreds of organizational factors that are potentially related to reactor 
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safety have been identified. 5 Several pathways or mechanisms through which organizational 
factors impact nuclear safety have been proposed. 6, 7 

Most of these approaches postulate the existence of direct organizational impact on the 
performance of NPP. Based on this consideration, researchers take the following 
three steps : 

• Identifying organizational factors or organizational characteristics. 
• Specifying pathways of organizational factors on reactor safety. 
• Estimating the quantities of organizational impact. 
It is usually assumed that organizational factors affect nuclear safety through its effect 

on the personnel performance. Therefore, the rates of human errors can be modified
4 

or 
the likelihood of system in a wrong alignment after maintenance might be increased due to 
organizational factors 7 . 

Considerable insight has been gained due to these efforts. However, no credible 
methods have been established on how to determine the quantity of modifications that will 
be applied to human error rate or maintenance unavailability. Furthermore, the logic 

· between the specific organizational factors and the impacted parameters, such as 
maintenance, is not clear. To fill a gap for organizational factor study, this paper outlines 
a method for estimating the magnitude of the modifications due to organizational factors 
by using the PRA framework and using CDF• as the NPP risk parameter. 

USE PRATO ASSESS ORGANIZATIONAL IMPACT 

The conventional PRA model has specified a function or algorithm, F, that relates the 
CDF, through intermediate variables of accident sequences or minimum cutsets, CDFj, to 
a series of elemental input variables, x_;, representing initiating events frequencies, failure 
rates of equipment, human error rates, and maintenance unavailabilities. The function can 
be written as 

CDF = F(x1, x2, ... x;,···xn) = L CDFi 
where j = 1,2, ... n is the number of the basic variables included in the PRA model, and 
i = 1,2, ... m is the number of accident sequences. The function F here can be referred to 
as the PRA model. 

If we now consider organizational factors, OF, as an independent variable, OF can 
affect CDF only through its effect on the parameters X·, accident sequences CDF;, or the 
form of the function F. The effect of organizational faciors can therefore be determined by 
computing functions x_;(OF), CDFi(OF), and F. Thus, the basic question of (quantitative) 
organizational impact can be broken into the following questions: 

• What is the effect of organizational factors on the parameters xj that are already in 
the PRA model? 

• What new parameters, ~+J• where J = 1,2, ... N, should be included in the function F 
to represent the organizational factors? 

• What additional accident sequences, CDFm+l• where I= 1,2, ... M, should be added 
to the PRA model to represent organizational effects? 

• What is the net effect of the organizational impact on CDF? 
• What is the quantitative relationship between these new parameters/accident 

sequences and organizational factors? 
The above approach breaks a difficult task into a number of manageable subtasks. The 

questions also specify a step-by-step method to measure the quantitative impact of 

• As biased PRA practitioners, we use reactor CDF as the NPP risk parameter. The desirability of CDF to 
represent NPP risk is due to its comprehensiveness and its direct impact on public safety. 
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organizational tac tors. However, the above approach is based on a very important hidden 
assumption: the construction of th.e plant PRA model and the specification of its input are 
isolated from NPP' s organizational factors; therefore, the effects need to be added. 

'This assumption might not be true since some of the organizational impact must have 
been captured by the input to the PRA model For a NPP of long operating experiences, 
input data reflect the history of the operating characteristics. These operation characteristics 
should be influenced by organizational factors. If the PRA model is correct and the data 
analyses arc performed rigorously, these characteristics that are shaped by organizational 
factors are inputted into the model through the plant-specific PRA structure and input data.• 

BACKWARD APPROACH FOR ASSESSING ORGANIZATIONAL FACTORS 

If impacts of organizational factors are implicitly included in the calculation of CDF, 
the task of assessing organizational impact becomes to separate the impact from other 
factors. For this purpose, the following backward approach is proposed: 

I. Estimate the CDFs for the interested NPP and its population. 
2. Detennine the CDF differences between the interested NPP and the 

population. 
3. Find the contributors of the differences. 
4. Determine plant practices that are behind the contributors. 
5. Link the plant practice to organizational factors. 
This backward approach docs not commit itself to the task of searching for new 

variables, Xn+J• and new accident sequences, CDF m+I• as was outlined in Section 2. These 
parameters and sequences have not been observed with the worldwide experience of several 
thousand reactor-years. Furthermore, these parameters and sequences have not been 
revealed by hundreds of state-of-the-art PRAs. Therefore, even if they existed, their 
frequencies would not be much higher than I OE-4. 

ESTIMATE THE CDFs FOR POPULATION AND-THE INTERESTED NPP 

· If reactors, about 108 in the U.S. today, are all the same, the task of determining the 
population CDF distribution is straightforward. Conventional statistics can be used to 
calculate the mean and to determine other attributes. However, for the current generation 
of reactors, it is rather a formidable task to estimate the population CDF since most NPPs 
arc c~om designed and operate in a somewhat different natural environment. Calculated 
CDFs range from IOE-3 to lOE-6, and, so far, there is rio evidence to suggest that the NPP 
with a CDF about IOE-3 has worse organizational characteristics than NPPs with a CDF. 
about IOE-6. Therefore., for assessing organizational impact, the population CDF 
distribution should be determined differently. 

If we admit that all reactors are different and each from a unique population, some 
working assumptions are needed to develop engineering approximations for population CDF. 
The approach discussed in this study uses the following assumptions: 

• Components, such as pumps, valves, switches, etc., used in NPPs are from the 
same population. Therefore, following equation can be used: 

Xo· = L· X·· 

h J. th1 IJ • bl . th rfi f "th . w ere xji IS e vana e representmg e pe ormance o 1 component m 
ith plant, and x

0
j is the variable representing industry-average performance. 

•One exception might be human error rates. 
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• The CDF obtained by input industry average data in the PRA model constructed 

for an NPP can be approximated as the population risk. Mathematically, this 
assumption can be expressed as follows: 

where i = I to m is the number of NPPs. 
The assumption of components from one population is based on observations and studies 

of past PRA practices. This assumption is used implicitly by many organizations. For 
instance, INPO' s safety system performance comparison is based on compatibility at the 
system level. The NRC safety system actuation indicators implicitly assume compatibility. 
With few exceptions, this assumption can be satisfied by continuously seeking similarity at 
the low level of components. 

The other assumption used to obtain the population CDF is hard to prove analytically 
but it is intuitively appearing. Furthermore, it is a widely used method for deriving the base 
risk inherent in the design of the reactor. If the validation of this assumption becomes an 
issue, the French 900 MWe series PWRs might be a reasonable sample to examine its 
applicability. 

Once these two assumptions are established, it is straightforward to determine the 
population and the interested NPP CDF. We simply·use the same PRA model constructed 
for the interested NPP but input industry-average and plant-specific performance data. 

DETERMINE THE CDF DIFFERENCE BETWEEN POPULATION AND 
THE INTERESTED NPP 

CDF differences between the plant and its population can be readily determined by the 
following equation: 

6CDF = CDF - CDF0 
where subscript 8 represents industry average and subscript p represents plant-specific 
parameter. 

To study organizational factors, we would like to break the 6CDF into its functional 
contributors. Differential parameters that are directly related to NPP functional activities 
such as maintenance, personnel (human error), and hardware can be defined to use the same 
format. For instance, the following parameter can be used to compare the NPP maint~nance 
(m) impact on the CDF: 

6CDFm = CDF m - CDF0 
where CDF_pm is J:e CDF with industry-average data except maintenance-related input. 
Plant-specific maintenance data are inputted. 

More detailed information can be obtained by specifying a lower level parameter such 
as maintenance on a particular system. 

The above 6-parameters are not very convenient if the purpose is to compare NPPs 
across the board. As discussed previously, the CDF differs by several magnitudes, and this 
might also be true for different populations. Thus, 6CDF may not be a good indicator for 
comparing organizational impact on plant safety. To assess and compare the impact of 
organizational factors, the ratio or fractional difference ofNPP and population CDF should 
be defined as following: 

M= CDF0tCDF 
6M = 6CDF/CDF 

Since M = CDF,,/CD¥0, M could be used to compare the risks of all NPPs. For instance, 
ifM = 0.1, the p1ant would have a risk 10 times less than the average plant or M = 4 would 
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be 4 times more risky, regardless of CDF0 values. Other parameters that are related to the 
NPP function can be defined the same way. 

FIND THE CAUSES OF CDF DIFFERENCES 

Due to the potential existence of one-of-a-kind customized design and unique external 
environment, some differences between the plant and population may not be contributed by 
NPP practices. Identified CDF differences between the NPP and population need to be 
screened to determine if factors other than NPP practices are responsible. 

As was pointed out previously, the system uniqueness usually can be accommodated by 
seeking the standard components of lower levels. In practice, it may take an extra effort 
for an existing PRA model since the model might treat the equipment as one piece. If this 
is the case, sound engineering judgment may be more efficient in attributing the causes of 
CDF differences. 

External environment may also cause some variations in CDF. For instance, one NPP 
is located in the East Coast, and its particular location is prone to coastal winter storms. 
These winter storms typically cause a loss of offsite power for the NPP. The corresponding 
frequency of loss of offsite power and CDF due to station blackout is substantially high. 
This phenomenon is not caused by plant practice, and is population related. Therefore, the 
population risk needs to reflect this external factor. 

After technical and external contributors are screened out, the balances are more likely 
to be caused by plant management systems. The next step is to determine the plant-specific 
practices that contribute to the differences. For instance, plant poor maintenance strategies 
such as maintenance coordinations, spare parts stock, maintenance crew trainings, etc., cause 
long maintenance duration. 

DETERMINE ORGANIZATIONAL FACTORS 

Many works have been conducted in determining organizational characteristics and 
important organizational factors as were discussed earlier in the paper. This backward 
approach focuses the NPP practices that are direct causes of CDF deviations. The 
individual NPP-oriented approach is based on the observation about the nuclear industry 
shared by many researchers: 8 

Organizational structure and characteristics of nuclear power plants vary 
according to their technological and institutional environments, to their life cycles 
and productions cycles. . 
After risk differences are identified, plant practices that contributed to these differences 

are determined. Plant-specific organizational factors that help to shape the management 
practices are then identified as contributors. The determination of organizational factors 
responsible for the CDF deviation can be difficult since the search is an inductive process. 

APPLICATION AND RESULTS 

The above method has been applied to three NPPs.9 The primary results by using the 
above method indicate organizational factors have impact on CDF, and the method outlined 
above can measure the impact of organizational factors. The findings corresponding to the 
remaining three questions posed in Section 2 by using this method are as follows: 

• Organizational impact changes the numerical values of xj. 
• Organizational impact changes the numerical values of accident sequences CD Fi. 
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and accident sequences already included in the PRA model. 

• The magnitude of organizational impact appears to be in the range of about 
of 0.1 to IO. 

Other interested findings include: 
• oM, appropriately corrected by a study of its contributors, can be used as an 

estimate of organizational impact. 
• oM can be decomposed into its contributors. 
Furthermore, it is found that several organizational factors are contributing to CDF 

differences. Among them, the activity ownership (who is responsible for the problem), line 
of communication (coordination of work across several functional areas), and maintenance 
crew and operator training seem to have direct impact on reactor safety. The application 
and results of this approach are discussed in Reference 9. 
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CONCEPT SAFETY REVIEW OF A SOCIOTECHNICAL SYSTEM 

GeoffWells and Christina Phang 

Dept of Mechanical and Process Engineering 
University of Sheffield 
Engl.and. 

AII\1S OF THE SOCIOTECBNICAL SYSTEM CONCEPT REVIEW 

The Concept Safety Review of a Sociotechnical System is recommended as a review 
procedme for a new plant at the conceptual or preliminary engineering stage. A keyword 
approach can be adapted as a means of generating discussion on the major elements affecting a 
system These have been classified into the following subsystems: 

• System climate • Management control 
• External systems • Procedures and practices 
• ·Organisation and management • Working environment 
• Site and plant fiicilities • Operator performance 
• Communication and information • Equipment integrity 

These systems have been further subdivided by keyword attached to each of which are 
selected preconditions for failure. 

A study of such elements, backed by subsequent improvement, results in an overall 
reduction of risk on a plant which is impracticable to quantify but is acknowledged to be of 
considerable importance in practice, leading to order of magnitude changes in individual and 
societal risk Subsequently the results from the analysis can be used in conjunction with other 
safety reviews to develop a safety schedule for the plant, modify risk assessments, and upgrade 
and improve the safety management system at the location. 

The Procedure 

The general procedure is outlined in Table I. Each subsystem is reviewed by applying 
keywords which are specifically directed at key safety issues, usually specific parts of an incident 
scenario. The keywords are used in a similar way to those in a Concept Hazard Analysis; see 
Wefis131. They enable the analyst to focus on major variances or deviations of the system from 
the ideal state. They also give guidance for exploring various facets of the sociotechnical 
systems character and expectations. 
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Ta hie l. Steps for concept safety review of a socioteclmical system 

CJ Collect information on the main characteristics of the process system and its 
environment. This should include data on: 

- general information on the organisation and site 
- information on the safety management system 
- plant information and the main inputs and outputs 
- main incident scenarios 

C:J Use keywords to identify preconditions for failure for each subsystem 
D Note the main variances and how they affect system safety 
CJ Record the discussion 

Application of the Methodology 

For new plants our system involves three stages of hazard identification: Concept Hazard 
Analysis, Preliminary Hazard Analysis and HAZOP. During a Concept Sociotechnical System 
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Review, it has been found important to always refer when discussing a particular plant to I 
specific postulated incident scenarios. This prevents the discussion becoming too general and 
leads to actions being more specific. Any general problem can be investigated later as part of a 
safety improvement programme, possibly involving the use of audits. Hence the main study is II 
normally carried out on various incident scenarios when these are available ie. following • 
Preliminary Hazard Analysis. However earlier studies can be undertaken to tackle general points 
at the time of project review. As with a11 such methods it is a matter of setting aims and selecting I 
keywords. Table 2 lists examples of keywords for the various subsystems. 

The method can be used when carrying out the regular study of an existing plant and is 
particularly suitable for a rapid investigation of a near-miss incident. The approach is illustrated I 
by a study of a major incident although it is stressed that the root causes identified do not 
necessarily relate to the particular accident. 

The 'preconditions for failure' represent the root causes of incidents. These latent fa.ilw:es I 
are often present in the system for a period of time and in combination with other factors can 
lead to a serious incident. They are usually listed separately on a proforma 1Mlich has a cohmm 

1 for the results of the initial discussion. The analyst can highlight the preconditions of failure 
identified in the review and may note down observations or follow-up actions which need 
further investigation or study. I 

The preconditions for failure are not intended to be comprehensive. The aim is to generate 
ideas and discussion. The main studies for a proposed plant should be carried out at an early 
stage of the project, at a time when the Concept or the Preliminary Hazard Review have been I 
completed. The use of a specific incident scenario on 1Mlich to focus attention is useful as the 
discussion can start by asking if an accident were to happen on this plant what factors would be 
identified as being deficient. This approach leads to a more strnctured discussion 1Mlich relates I 
to the specific problem rather than descending to a general gossip about company ills and 
problems. 

The work can subsequently be extended by its use to help develop the safety schedule. The 
way that it changes the values of equipment failures, loss of contro~ reduction of protective and 
mitigation systems should be noted. It is also particularly useful if ways can be suggested for 
appropriate system defences arid appropriate performance indicators to monitor. I 
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Table 2. Root cause categories, keywords and preconditions for failure 

Technical adsorption 
Legislation/regulations 
Political climatelpressure groups 
Economic climate/business factors 
Business focus 
Coiporate culture 
Safety culture 

Decision-making hierarchy 
Conunitmeot to safety 
Resource provision 
Interaction with imemal/extemal systans 
Production resources 

Resource allocation and developmmt 
Monitoring, quality control and appraisal 
Management of change 
Competence/capability of management 
Management respoosibility and acx:ountability 
Supervision and control 
Safety respoosibilities 
Haodling emetgenc:ies 

Infoanation quality 
Safety infoanatioo 
Olannels 
Media illleiface/exchange 
Emergency respoose infonnatioo 
Emergency commurucation 

Recruitment 
Persoonel capabilities 
Training 
Inadequate working disciplines 

FURTHER STUDIES 

Govemma:ttal bodies 
Industrial bodies 
Contraaors/consultants 
General public 
Extemal emergency facilities 

Site' and l'lant Fiicilities' · •. · .,. . 

Site and its layout 
Preliminary ~eering and process ~ 
Detailed ~eering 
Commissioning and realisatioo of plant 
T raosport, storage, use and disposal of material 

Worlcing environmeot 
Welfare 
Safety culture 
Immediate supervision and support 

Working practices and procedures 
Safety srudies 
Quality control 
Emeigeocy procedures 
Incident reporting 

Quality of plant 
Availability 
Maintmance 
Plant upgradinglmodificatioos 
Standards and codes 
Safety and operating margins 

The Concept Sociotechnical System Review can be combined with the Concept Hazard 
Analysis and the Preliminary Hazard Analysis to set up a Safety Schedule which is to be 
developed for the plant Such a schedule contains specific infonnation on material hazards and 
inventory, incident scenarios, the immediate causes of incidents and the engineered protection 
and mitigation systems. The extension within this schedule of some reference to root causes is 
posS1ole. This should if p0SS1ole refur to specific factors and indicate how deficiencies can be 
measured using performance indicators and where specific engineered defences can be 
instigated. This document can be built up over the life of a plant and can be used to demonstrate 
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in an auditable form the quality assurance measures earned out on the project. The focus on the 
development of incident scenarios is vital It emphasises what the study is about and stops it 
becoming perceived by workers at the sharp end as yet another exercise and demonstration of 
management efficiency. The schedule is fiuther backed by monitoring that adequate change 
procedures are in place and that the updating of documentation and training is conducted. 

The study of the sociotecluucal system can be used to modify generic values ofrisk. For an 
excellent well-run plant the values of risk will be improved. Hqwever for a worse case the risk is 
increased. The way the risk on a plant 'Mlich is not being properly maintained with defunces 
intact will not be wasted on those who are familiar with major incidents such as occurred at 
Bhopal and Piper Alpha. Any deficiencies noted either now or in the future can be prioritised 
according to risk for immediate action. 

CASE STUDY OF A REFINERY INCIDENT 

We have based the following study on an actual incident! 11 'Mlich occurred at 
Grangemouth, Scotland in March, 1987. In this incident a fire of flammable liquids, 
unexpectedly (although foreseeably) present, released during maintenance of a refinery flare 
system, killed two men and seriously injured two others. We are not in a position to state that 
the root causes 'Mlich we have identified actually were those responsible. Consequently the 
study must be treated either as rerening to a similar incident or as fiction. 

The Flare Line System 

Briefly the flare line at the re:linexy consisted of a complex system of pipework 'Mlich 
passed through the refinexy. It was discovered that a crossover valve (VI 7) was not providing 
effective isolation and would need to be removed for ovemaul. As stated in the report, 
.HMS()(3J, the senior operations and engineering staff held discussions to plan a scheme for the 
isolation of the flare system at valve VI 7. They concentrated on the operational and safety 
requirements of the refinery and the flare system. The procedures and safety precautions 
necessary for the removal of the valve V 17 were left to those who would eventually be 
responsible for the work. 

A simplified version of the system of interest, indicating the valves to be closed for 
isolation of valve VI7, is shown in figure 2. 

The Development of the Incident 

Following due discussion and taking of precautions such as provision of respiratoxy 
equipment, fire protection etc. a cold work permit was issued and work was started on 
removing the valve by loosening a flange so that a spade could be inserted. Work continued 
although there was a persistent Joss of flammables occurring from the initial break of the joint. 
This loss provoked considerable concern by the fitters such that the process shift supervisor 
checked the situation and reassured the fitters that it was safe for work to continue. Despite 
efforts to take care when lifting, as the last bolt was undone the crane increased its lift and the 
spacer suddenly sprang upwards. Gallons of liquid were suddenly released and a cloud of 
flammable vapour formed from the rapidly spreading pool of liquid on the ground. This was 
ignited at the compressor 'Mlich was supplying the airline of the breathing apparatus of the 
workers. Fire flashed back around the working area. A fitter and a rigger could not escape from 
the sca.ffuld and were killed. Further information is available in the report and can be discerned 
by study of Table 3. The model of incident scenario used here is based on work by Wells et.aLIZI 
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Figure 2. The section of the flare system to be repaired 

Root Causes 

This incident has been studied by various groups of safety specialists. In no way can their 
comments be said to represent the conditions apPlying at the time this incident occux:red. 
Nevertheless using the keywords supplied plus peoples experience it was poSS1.ble in under two 
hours to generate the root causes given in Table 3. The first part of Table 3 refers to the hazard 
scenario. The root causes were not mentioned as such in the report of the incident. It is 
interesting to note that they are considerably greater in number than the events descnbing the 
incident scenario from immediate causes. Somewhere there is a lesson in this when one consider 
that the latter represents the activities of all the hazard studies normally carried out on a plant. 
The safety experts in general felt some sympathy towards the need to cope with production 
pressures. They also were aware that the release of some flammable when such systems are 
repaired is not a rare experience. However it was felt that the design was inadequate, that 
procedures and practices needed considerable improvement particularly with respect to 
isolation, and that the level of management control was unacceptable. Attention to any of these 
factors did not need hindsight and should have been implemented. 
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Table 3. The incident scenario and suggested causes of pipe line release 

Impact of the incident Flash fire caused 2 fatalities and 2 people injured 
Escalation of the release Escalatioo by fire; failure to prevmt upstream plants fuelling fire; 

inadequate emergency response; failure of fire protection; failure to 
eicdude a source of igJJition; inadequate escape procooures ; inadequate 
protectioo of personnel. 

SigJJificant release of material Release of laige flow of flanunables through opened flange forming a 
liquid pool which v:iporised; no means of attenuating the release. 

Dangerous disturbance Opening made in plaot. 
Failure to control the situation Failure to st.op the job oo initial release of process material; inadequate 

mooitoring of line. 
Hazardous disturbance Escape of material as flange loosaied. 

Inunediate cause of incident Loosening of flange whilst isolation of system is incomplete; task not 
cornpletfd properly with failure to stop the flange springing open. 

Inadequate eogineering integrity Unable to isolate plant section; no spaik arrestor on compressor; 
inadequate flare system, probably due to sending material outside design 
specificatien to stack; faulty reading of line pressure indicator; valves 
not dosing properly and poor mairrunance schedule; valve positioners 
needed; failure to upg,.ide piping system to company standards; 'failure 
to reconsider design when system deposits became excessive; drain line 
of poor dEsign; general conditioo of valves and line poor. 

Inadequate operator Cootract labour inskilled in process work; suspicious spindle positions 
perrorrnance ignored; aane operated incorrectly. 
Inadequate working Excessive pressure to complete the job; production needs dominant; 
envirooment overloadandworkpressureon supervision; Jack oftedmical back-up; . 

access and emess from location. ina 
Inadequate cornrnuoication and Absence of commmicatian; ~ staff did not inform fitters of 
information hazards; insufficient docurnematioo of plan; no feedback on failures; 

failure to get advice from plant manager on release; failure to 
commmicate emergency details co upstream plant; inadequate checking 
of isolaticn 

Inadequate practices and Inadequate procedures for dosing valves and instruction of operators; 
procedures failure of permit to work system; inadequate rnaiotenance procedure in 

using aaoe and no flange spreader; work during flammable release. 
Inadequate management control Inadequate planning for task with roles and responsibilities inadequately 

defined; decisions en plan left to supervisors and rnaiotenance team; 
operators left to own devices; fitters not involved in discussions en 
isolation; no system in place to deal with any problems which arise; poor 
emergency planning. 

Inadequate o.cganisation and Roles and respoosibilities poorly defined; inadequate maintenance 
management resources; lade of commitment to safe working practices; inadequate 

safety studies and hazard idEOtification; DO safety rnanagmlEllt System in 
place. 

Inadequate site and plant Design of line and valves inadequate; location of valve inadequate for 
facilities mainunance; inadequate assessment of risk of release; inadequate 

disposal of materials to stack. 
Inadequate external systems Inadequate know-bow and safety awareness of outside contractors. 
Inadequate system climate Produdioo pressures allowed to outweigh safety needs; complacency by 

originators of valve replacement job. 
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ABSTRACT 

Maintaining a safe operating environment is "Job I• in complex high reliability 
systems involved in manufacturing, military, and energy development. New and better 
tools for managing risk and thus achieving and maintaining safe operations are continually 
being sought. One potential risk management tool is the probabilistic risk assessment 
(PRA). To date, PRA has been used primarily to provide a snap-shot of the risk 
associated with a system's current operating configuration. A major component of the 
PRA is an assessment of the human-in-the-system contribution to risk by means of human 
reliability analysis (HRA). In order for PRA to become a practical risk management tool, 
it must become a "living" rather than a "static" characterization of risk, including risk 
attributable to the human-in-the-system. 

This paper addresses two primary human-in-the-system issues that must be resolved 
if "living HRA • is to be used as a tool for managing person-induced risk in technological 
systems and processes of the types associated with Department of Energy (DOE) reactor 
and nonreactor nuclear facilities. The first issue involves dynamic pictorial and 
descriptive analyses of human action sequences with potentials for impacting risk, achieved 
by means of dynamic function, task and human vulnerability analyses. The second issue 
involves configuration management of data emerging continuously or at regular intervals 
from the HRA, including changes in the human action sequences, usable for benchmarking 
and trending human performance, and achieved by means of a dynamic Personnel Data 
System (PDS). 

I. The views expressed herein are solely those of the authors and do not necessarily represent those of 
EG&G Idaho, Inc. or the U. S. Departmenl of Energy. 
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INTRODUCTION 

Increasingly, managers and operators of complex high reliability technological 
systems and processes (e.g., aerospace, military, nuclear) are being required to 
demonstrate that their safety margin, or safety envelope, is sufficient to justify risks that 
might accrue to the general public and the worker. The most commonly used method for 
assessing the safety margin is the probabilistic risk assessment (PRA); an element of which 

is HRA. 
Until recently, HRA segments of PRA have developed static indices for 

benchmarking human performance impacts on the safety margin, where impact is defined 
as contribution w core damage frequency, injury to workers, or off-site release. 
Presently, DOE and other Federal agencies such as the Nuclear Regulatory Commission 
(NRC), are searching for ways of making HRA dynamic or "living." Specifically, HRA 
techniques are being sought that are capable of continuously tracking changes in the safety 
margin due to shifts in the human operating configuration (e.g., staffing, operating 
procedures, training, human-machine interfaces, physical environment, management 

oversight). 

REQUIREMENTS OF LIVING HRA 

Changes are required in the way HRA is carried out and documented, to achieve a 
dynamic or living HRA whose results are near realtime, and are (1) more credible and 
auditable, (2) capable of supporting causal factor identification and repeated measurement, 
and (3) capable of combination with results of other analyses to provide risk management 
of issues that transcend any one analysis. 

Credibility 

Defensible HRA results require an experienced HRA analyst carefully using 
accepted human reliability analysis and quantification techniques. More specifically, 
defensible estimates of uncertainty require careful, standardired, conscientious, 
applications of the accepted techniques by experienced HRA practitioners well trained in 
the behavioral sciences, and armed with the appropriate contextual information (Reason, 
1991). As a minimum, the HRA should account for human performance as a potential 
initiator and mitigator in all accident sequences analyzed in the PRA. More specifically, 
the HRA should include base case (current conditions) and best case (optimum conditions) 
estimates of human performance as potential initiators, and as potential mitigators either 
recovering an accident or initiating error, or conversely exacerbating an otherwise 
recoverable condition. · 

Auditability 

An HRA must be well documented and traceable for the results to be practical and 
defensible. All steps, assumptions, information, and methods relevant to the analysis must 
be presented in detail, to allow a reviewer to understand the origin, understand the specific 
context, and assess the meaning of the results. 

Support Analysis of Contributing Factors To Risk 

The HRA must contain appropriate information to extend the identification and 
analysis of contributing factors to risk. 
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Results Comparable With Other Analyses 

The HRA must produce results, quantitative or qualitative, that can be meaningfully 
compared to results from other HRA efforts. Such comparisons facilitate examination of 
HRA related issues of possible relevance across systems or facilities not originally 
included in a single analysis. To achieve such results, the HRA process, assumptions, and 
methodologies employed must also be carefully considered to determine valid comparisons 

of HRA results. 

Achieving credible and auditable HRA results on a near-realtime basis, involves 
primarily (1) implementing dynamic function, task, and human vulnerability analyses 
capable of pictorially and descriptively mirroring changes in the personnel mission 
occurring continuously or at regular intervals, and (2) adopting a mechanism for 
configuration management of those function, task, and human vulnerability analysis 
changes, and other HRA input data changing continuously or at regular intervals. 

DYNAJ\fiC FULL SCOPE FUNCTION/TASK AND HUMAN 
VULNERABll,ITY ANALYSES 

Appropriately detailed and well documented function, task, timeline, link, and 
human vulnerability analyses are the linchpin of a highly traceable and renewable HRA, 
provide the minimum information to determine the validity and meaningfulness of HRA 
results, and provide a basis for comparing these results with other HRAs. 

Although some forms of function and task analyses are performed as part of current 
HRA, their updating is not usually pursued after the HRA is completed, unless a specific 
update to the HRA is required. In order for HRA to be used as a living risk management 
tool, dynamic full scope function and task analyses must be constructed and updated 
continuously or at specified intervals. They must be developed from detailed reviews of 
system documentation, operating experience, interviews with system personnel, walk­
throughs/talk-throughs, and direct observations of system operations and maintenance 
activities. For a review of task analysis refer to Kirwan and Ainsworth (1992) or Drury, 
Paramore, Vancott, Grey and Corlett (1987). Function and task analyses must be 
updatable and describe in detail, on a near realtime basis, changes in the what, why, 
when, where and by whom of both human and hardware actions during system or process 
startup, normal operation, accident mitigation, accident recovery, and shutdown. They 
must continually provide the user with a credible and up-to-date technical basis for: (1) 
providing human factors inputs to logic or facility models used as a general framework 
for estimating overall system unreliability and risk, (2) identifying safety-related human 
tasks and task sequences needing probabilistic assessments, (3) specifying endogenous 
factors (e.g., personal ability, psychophysical state. of health, motivation, mind set) and 
exogenous factors (e.g., person- to-person, supervisory, organization, external 
environment) believed to influence human performance on each task action and task action 
sequence, and {4) acting as a criterion for scaling the nature of those influences from 
positive to negative. Later, as part of a continuous HRA process, function and task 
analysis must provide the context for benchmarking and trending, on both quantitative and 
qualitative bases, the degree to which human performance is contributing in a 
progressively more positive or negative manner to: (1) system and process reliability and 
risk, and (2) system and process accident prevention and recoverability (Meister, 1985). 

An iterative process of collecting function , task, timeline, link and human 
vulnerability analysis data provides a sound technical base for responding to each of the 
HRA requirements outlined in the previous section of this paper. The document review 
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gives the analyst an overview of the facility and an understanding of the human actions 
and action sequences that are actually used by the staff. The open-ended interviews, along 
with the facility's operating procedures are of great help in developing an outline of the 
functions, tasks, and subtasks that should be performed as part of each operating 
procedure. Once the outline of the functions, tasks, and subtasks has been completed, 
directed interviews help fill in any gaps in the understanding of the human actions and 
action sequences that make up the function/tasks/subtasks and help the analyst to 
understand the performance shaping factors (PSFs) that measurably impact either positive 
or negative performance of the functions/tasks/subtasks. Direct observations and table-top 
discussions are very useful in showing the interactions between individuals responsible for 
each function/task/subtask and furthering the understanding of tlle PSFs. Organizing 
resulting function/task/subtask information on a time grid, and presenting pictorially the 
interfaces among personnel, actions, and equipment, and their frequency, help the analyst 
visualize circumstances where institutional factors (e.g., management, organizational 
culture) might have their greatest impact on performance. Finally, screening for error 
vulnerability provides the analyst a rank ordering of human task actions and action 
sequences for consideration during later segments of the HRA. 

Information for these analyses is sought from a wide variety of sources to ensure 
a complete and accurate picture of how functions and tasks are actually performed. 
Frequently, facility documentation is incomplete or out of date, and/or personnel have 
differing perceptions of how the functions and tasks . of interest are supposed to be 
executed. Only by sampling all, or at least a representative mix of facility information 
sources, can credible representations of these functions and tasks be achieved. 

DYNAMIC PERSONNEL DATA SYSTEM FOR 
CONFIGURATION MANAGEMENT 

. • A dynamic Performance Data System (PDS) of · the type described in draft 
NUREG/CR-5534 (1991), is required as an on-line repository, processor, and 
clearinghouse for dynamic function and task analysis information, human error probability 
source data, and HRA results continually being developed and trended based on the 
facility's ongoing experience. As such, PDS must be capable of serving two functions in 
a "living" HRA: the first as a data management system, the second as a configuration 
management system, 

As a data management system, PDS must be part of the facility's larger 
configuration management and documentation control programs. This will ensure that all 
changes in the facility's operating configuration down to the system and component level 
will be screened and processed by PDS, and the updated.quantitative and qualitative results 
will be systematically organized such that they can be: (1) communicated continuously 
among PDS users and HRA analysts, (2) fully audited, and (3) used as a technical basis 
for risk management by facility managers and oversight a,gencies such as DOE. 

As a configuration management system, PDS must provide users and HRA analysts 
with up-to-date information in order for them to direct ongoing and planned HRA 
activities in a timely and cost effective manner. PDS must be capable of providing ready 
access to information and data to monitor progress in achieving each of the benchmarking 
and trending milestones of the living HRA. PDS must also be capable of flagging changes 
in function/task analysis and other source data, and trigger recalculations of risk. 

In a living HRA environment, this monitoring, compiling, flagging, and triggering 
process allows PDS managers to: (1) conduct comprehensive reviews (quality, 
completeness, timeliness) of each continuing HRA activity, (2) allocate or reallocate 
resources including human factors expertise, facility personnel supporting the HRA, and 
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subject matter experts, based on progress being made on each continuing HRA activity, 
(3) coordinate and direct activities among the various human factors participants and 
between human factors and systems engineering participants, and (4) provide 
comprehensive and continuous outputs and reports to risk managers and Federal agencies 
such as DOE and NRC overseeing the operation of the facility. 

CONCLUSIONS 

This paper has examined the potential contributions that dynamic function, task, and 
human vulnerability analyses, along with a Performance Data System (PDS) can make in 
achieving "living• quantitative and qualitative HRA results which are: (1) credible, in that 
they minimize uncertainty, (2) auditable, in that they link quantitative results and 
qualitative information from which the results are derived, (3) capable of supporting 
contributing cause analyses on human reliability factors determined ·to be major 
contributors to risk, and (4) capable of repeated measures and being combined with similar 
results from other HRAs to examine issues transcending individual systems and facilities. 
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INTRODUCTION 

Much of today's probabilistic safety assessment (PSA) methodology has been devel­
oped for nuclear reactors; however, it currently is being applied to nonreactor facilities. 
Government research, processing, and production facilities are under increasing emphasis to 
perform risk-based prioritization and use the results of quantitative risk analysis in decision­
malcing. Although reactor risk assessments have concentrated on offsite health effects, 
numerous other consequences, including worker health effects and environmental impact, 
play a significant role in the management of these facilities. This paper describes a quan­
titative risk assessment of the Los Alamos National Laboratory TA-55 Plutonium Laboratory 
Complex currently being undertaken with the support of the US Department of Energy 
(DOE), Office of Engineering and Operations Support (DP-62). 

FACILITY DESCRIPTION 

TA-55 is a DOE facility supporting DOE defense research and development activities. 
The functional purpose of the facility is to perform basic special nuclear materials (SNM) 
research to develop, demonstrate, and exchange technology in support of national defense 
and energy programs. Both nuclear and nonnuclear are included in the facility inventory. 
There are several hundred hazardous chemicals, including a large inventory of nitric acid and 
various physical and chemical forms of plutonium, uranium, and other radionuclides. The 
laboratory is large, comprised of over 150,000 ft2 of floor space and hundreds of glove­
boxes in various laboratories housing specific processes. 

The complex consists of a large main research building, the Plutonium Facility (PF-4) , 
and a number of other administrative and support buildings. 

• TA-50, the Central Liquid Waste Treatment Plant, handles relatively low'.level 
radioactive wastes from many technical areas; it is located approximately 1200 ft east 
ofTA-55. This area also includes TA-50-37, the Treatment Development Facility, 
which is located approximately 500 ft east of T A-55 and conducts R&D on radioac­
tive waste management processes.· 

• TA-35, an extended area, begins about 1500 ft east-northeast ofTA-55. 
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• TA-48, beginning 900 ft westofTA-55, is the site of radiochemistry studies and the 
Central Guard facility. 

PF-4 is a reinforced concrete building designed and built to provide a high degree of safety 
and physical security. It was one of the first "modem" structureS built within the DOE com­
plex specifically designed to withstand severe seismic events and tornadoes. During the 
design process, attempts were made to incorporate the lessons learned from the first genera­
tion of plutonium facilities designed and built during the 1940s and 1950s at Los Alamos. 
Rocky Flats, Hanford, and Savannah River and to build a facility that could withstand all 
credible design-basis accidents, including severe seismic events (0 .38 g), tornadoes (107 
mph), and large-scale internal fires. 

PF-4 is a single structure with approximately 151,000 ft2 of total floor area built to 
Safety Class I standards. The outer walls and roof are of reinforced concrete; the walls are 
14 in. thick and the roof is 10 in. thick. The building consists of a laboratory operating fl9or 
with a full basement level beneath. The basement contains both room air ventilation systems 
and electrical equipmenL The basement clear ceiling height is 17 ft and the column spacing 
averages 20 ft. A service area containing ventilation ductwork is located above the laboratory 
corridors. 

The building is divided into two halves by a 4-h fire-resistant wall. Each half is further 
divided into two compartments on the main process floor separated by a 2-h fire resistant 
wall. The compartments are referred to as the 100, 200, 300, and 400 Areas. Ventilation is 
independent for the two halves of the building. Support areas inside PF-4 include storage 
rooms. health physics offices and personnel decontamination facilities. process offices. etc. 
Support staff offices, management offices. and cold laboratories are all located within the 
other buildings at the TA-55 site. The north half of PF-4 houses the 100 and 200 Areas; the 
south half houses the 300 and 400 Areas. 

The basement of PF-4 is divided into two areas separated by a 4-h fire wall and houses 
the critical support equipment for all of PF-4, This equipment includes the electrical 
switchgear, the uninterruptible power supply (UPS), and the HV AC equipment for the 
building. SNM shipping and receiving activities and waste management staging for trans­
portation also are carried out in the basemenL The storage vault for intermediate and long­
term storage is located in the basemenL The vault is divided into 13 compartments, each 
with a Class C fire door. 

Several chemicals used in large quantities for PF-4 operations are stored in tanks both 
inside and outside the facility. Concentrated nitric acid is stored in a tank outside the building 
and is piped to bulk acid dispensers inside PF-4. Other chemicals used in large quantities are 
prepared in separate tanks within a sepirrate facility and delivered to PF-4 through dedicated 
lines to selected areas. 

The Facility Operations Center (FOC), which is of Class I construction, is also part of 
PF-4 and is immediately adjacent to the Support Building (PF-3). The remainder of the sup­
port building contains change rooms, cold support laboratories. and a machine shop. PF-5 
is a warehouse. 

Other buildings in the TA-55 complex include an Administration Building; a Support 
Office Building; a Generator Building (PF-8), which contains three air compressors. an 
auxiliary generator. switchgear, and batteries; a Utility Building (PF-6); and a Calcium 
Grinding Building (PF-7). The Generacor Building is designed to Class l structural criteria; 
all facilities other than PF-4 and the FOC are Class 2. 

There are four ventilation zones in building PF-4. Zone I. the lowest pressure zone in 
the building, operates at -0.8 in. of water. It is a once-through system supplied by forced air 
blowers in the basement and services the glovebox lines. Supply air is drawn through a high 
efficiency particulate air (HEPA) filter, and each glovebox exhaust point is filtered by an 
8-in. glovebox HEPA filter unit. The exhaust from the lines pass through three stages of 
HEPA filtration (four for 238Pu lines). 

Zone 2A consists of the corridors and mezzanines in the operating portions of the facil­
ity. It is supplied with HEPA-filtered air by a dedicated supply system and is maintained at a 
slightly higher pressure than Zone 2 so that Zone IA air is drawn into Zone 2, the facility 
laboratory rooms and the basement vault. Air is bled out of Zone 2 to maintain a set pres­
sure. This bleedoff air is exhausted from the building through two stages of HEPA filtra­
tion. Zone 2 air also is recirculated continuously through two-stage HEPA filter banks in the 
facility basemenL 
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Zone 3 is the basement. It has a HEPA-filtered air supply system and an internal recir­
culation unit Zone 3 exhaust air passes through two stages of HEPA filtration. 

RISK ASSESSMENT METHODOLOGY 

In addition to providing a traditional measure of facility risk, this study was designed to 
meet several other objectives. 

1. Demonstrate the necessary level of detail with associated time and costs required to 
be useful for applications to numerous facilities or projects competing for approval 
and funding in a risk-based prioritization decision process. Not every facility or 
process is a candidate for a full-scope PSA 

2. Apply different measures of risk and consequences in addition to the traditional 
measures, which are based solely on risks to the public. This leads to a multiat­
tribute description of the consequences. 

3 . Combine the various attributes to arrive at an overall utility measure for risk-based 
prioritization of upgrades within the facility. 

To meet the first objective. the study has started with a qualitative preliminary hazard 
analysis (PHA) to identify hazards and potential consequences. Using the facility under­
standing developed through research into the systems and processes and the PHA results, a 
more quantitative assessment will be performed using techniques drawn from hazards and 
operability study (HAZOPs) and the failure modes and effects (FMEA) methods. Limited 
fault-tree modeling has been performed for critical safety systems. These more quantitative 
methods helped identify accident initiators and accident sequences, which then were 
quantified. 

To meet the second objective, attributes considered potentially important to decision 
makers were identified. These included onsite and co-located worker health effects resulting 
from normal operations, accidental releases, and remediation activities. In addition, various 
types of environmental impacts were analyzed, including the extent of surface contamination 
with associated costs for remediation efforts (soil excavation, treatment, and disposal), the 
effects on resources such as effects on endangered wildlife species, and restrictions on land 
use (national parks, recreation areas, and private lands). Also included were measures to 
address programmatic, political, and comm unity effects. Using the dominant accident 
sequences developed in meeting the first objective, a defined set of these attributes will be 
analyzed and quantified. 

The relationships between the various steps required in meeting the first two objectives 
are shown in Fig. l. For the multiattribute case in this analysis, the source term and conse­
quence analysis quantities C 1, C2, ... are vectors. 

The third objective follows from the first two objectives. Using an assessed utility 
function for laboratory-wide risk-based prioritization and the safety assessment results as 
input, an overall utility value will be calculated. This value will be used by decision makers 
in allocating resources for safety-related work. The difference in the baseline utility value 
and that resulting from proposed system modifications will be used as the basis for decision 
making. 

RESULTS TO DATE 

To date, effort has been concentrated on performing a PHA in support of the first objec­
tive. In tandem, the defined set of attributes to be included in meeting the second objective is 
being developed. As work progresses, proposed system modifications are expected and will 
be used as one input required for meeting the third objective. 

In performing the PHA. the following steps are being taken. 

1. Preparing for the review 
2. Performing the review 
3. Documenting the results 
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Figure 1. The relatioosbip of preliminary bazard and accident analyses. 

Each of these steps is composed of several tasks. 

1. Selecting a team of risk assessment specialists and engineers and operators familiar 
with the process. 

2. Gathering infonnation on the subject process and similar processes. This encom­
passes information about chemicals, process parameters, major equipment, compo­
nent interfaces, operating environments, available procedures, the facility layout, 
and safety-related equipment . 

3. Establishing a recording medium for evaluation that specifies the format and meth­
ods of recording information. 

4. Obtaining the required documentation to prepare the review. This includes.P&IDs, 
process flow diagrams, a compilation of hazardous properties of materials used or 
generated in the process, plant equipment lists, facility layout diagrams, and electri­
cal and mechanical component interface information. 

In review we perform the following tasks. 

1. An area and/or process is selected for evaluation. 
2 . The associated hazards are identified . 
3. Hazard causes are identified. 
4. Major effects of accidents are identified. 
5. Safeguards are identified for hazard mitigation. 
6. Assign hazard severity category. 
7. Assign hazard likelihood. 
8. Assign hazard risk. 
9. List recommendations for mitigating hazard. 

10. Assign severity, likelihood, and risk with recommendation. 

Tables 1, 2. and 3 are used to carry out steps 6, 7. 8, and 9. 
The final step, documenting results, requires that a format be specified for sorting and 

prioritizing the results for follow-up. . 
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Table 1. Consequence severity categories (''S" Column). 

Maximum Possible Lonseauences 
Catel!orv Public < ·o-Located worker Environment 

A Immediate llea.lUI Immediate heatm Loss of lite. 1:msiteand 
effects. effects. offsite 

contamination. 
B Long-tenn 

health effects. 
Long-term 
health effects. 

Severe inJury or 
disabilitv. 

Onstte only 
contamination. 

C Irritation or Irritation or Lost-time lllJUry Significant 
discomfort but discomfort but but no disability. facility 
no permanent no permanent contamination. 
heaJth effects. heaJth effects. 

D No significant No significant Minor or no Minor or no 
offsite effect onsite effect. injury and no facility 

disabilitv. contamination. 

Table 2. Consequences likelihood categories ("L" Column). 

I 
(1 to0.1) 

II 
(0.1 to .01) 

III 
(10-2 to lo-4) 

N 
(104 to lQ-6) 

Table·3. Assignment of risk rank risk matrix ("R" Column ). 

Severity of Likelihood of <.onsec uence 
Conseauence I II 111 N V 

A I 1 2 3 j 

R I 2 2 3 4 
. ( 2 3 3 4 4 

D 3 4 4 4 4 
Risk Decision Criteria 

Risk Rank Kecommendation 
I Unacceptable - Should be m1ugated to risk rank 3 or lower as soon as 

oossible. 
2 Undesirable · Should be mitigated to nsk rank 3 or lower within a 

reasonable time oeriod. 
3 Acceptable wnh Controls • Verify that procedures, controls, and 

safem•ards are in place. 
4 Accentable As k · No action necessarv. 
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QUANTITATIVE RISK ANALYSIS OF A BUTANE STORAGE FACILITY 

L F. S. Oliveira1
, J. D. Amaral Netto2, R. A Pinto2, J. C. A Llma3 

1PRINCIP1A Ltda.. and Federal University of Bahia, Brazil. 
Fax: (55-71) 231-5332 
2PRINCIPIA Ltda. - Brazil Fax: (55-21) 220-6663 
3Refinaria Duque de Caxias - PE'IROBRAs - Brazil 
Fax: (55-21) 580-0376 

INTRODUCTION 

An existing butane pressurized storage facility formed by two 750 ml and two 
1,600 ml spheres had been deactivated for some years. Recently a decision was taken 
to partially activate the facility by using the. two smaller spheres. A safety review was 
undenaken which revealed that several aspects of the facility were not in accordance 
with the standards presently used by PE'IROBRAS, particularly, those related to the 
physical layout of pressurized hydrocarbon storage facilities and minimum separation 
distances to other storage tanks. As a result the preparation of a quantitative risk 
analysis (ORA) was requested by the Industrial Safety Division of REDUC and 
endorsed by the Refinery upper management. The proposed ORA had the following 
objectives: 

1. assess the risks imposed to the external public and to the Refinery 
workers by the operation of the facility as it's; 

2. compare the results to existing international acceptability criteria; 
3. propose and evaluate risk reduction measures; 
4. evaluate whether after implementing risk reduction measures, the facility 

could be operated where presently located or should it be transferred to 
a recently refurbished LPG storage facility. 

In this work we describe the approach, the methodology and the software used 
to perform the analysis and discuss its main results. 

METHODOLOGY AND SOFIWARE USED 

A full quantitative risk analysis was performed following the typical approach of 
responding to the following questions: "what can go wrong?", "how likely is this to 
happen?", and "what are the expected consequences?"(I)_ Risks were then firstlv 
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expressed as a set of triplets: {scenario, frequency, consequences}, and then 
transformed to and presented as individual risk contours, cumulative complementary 
distribution functions (F-N curves), and average societal risk figures. 

To answer the first question, a historical accident analysis and a preliminary 
hazard analysis (PHA) were performed. The first used two different data bases, namely, 
MHIDAS (over 5,000 accidents) from the Safety and Reliability DirectorateC2l and 
ACCIDATA (over 1,500 mostly in Brazil) from PRINCIPIA<3l, The PHA was 
performed by a team of engineers and technicians from REDUC and PRINCIPIA. 
About 170 basic initiating events (involving ruptures of pipes, flanges, valves, spheres, 
pumps and human actions) were grouped into 12 initiating event groups (IEG), based 
on the equivalent diameter, pressure, flow type and rupture location. 

The frequency of each IEG was quantitatively evaluated using international failure 
rates for the basic initiating events. A single fault tree was constructed to calculate the 
expected frequency of sphere rupture, which was evaluated using the fault tree program 
f'TW(4l developed by PRINCIPIA. 

Accident scenarios were assembled using event trees involving failure or success 
of existing protection systems, daytime and nighttime conditions, wind speed and 
direction, and ignition sources. A total of 1,474 different accident scenarios were 
evaluated, involving BLEVE's, flash and pool fires and unconfined vapor cloud 
explosions<s,6). The expected effects and consequences of each scenario were calculated 
for two different types of population, namely, the public and Refinery workers. 

A special risk assessment program named VULNER + (7) was developed by 
PRINCIPIA to perform extensive integrated scenario frequency and consequence 
calculations. The accident scenarios are automatically generated by the program from 
basic information fed by the user. Also in this program, the population is distributed 
on a square cell grid, which also serves to locate the specified ignition points, lines and 
areas. Each cell is further subdivided in a refined square grid to improve the resolution 
of the calculations. The effects of each scenario are calculated in the center of the 
refined cells and used to prodqce the corresponding consequences by means of 
pertinent probit relations<8>. 

Fatality conditional probability at each cell center is coupled to the associated 
scenario frequency to produce the value of the individual risk at that cell. The program 
goes through an interpolation process to yield the contours of individual risk around 
the facility. Societal risks (F-N curves and average societal risks) are obtained by 
coupling the above results to the population distribution in the cell grid, producing 
automatically the points for the curve plotting. 

A ranked listing of the scenarios of larger frequencies, of larger consequences and 
of those which contribute the most to the average societal risk is also produced, being 
of invaluable help to the process of proposing risk-reduction measures by the analysts. 
The development and use of VULNER + made it possible to perform the calculations 
referred above within a reasonable time period and with much less human resources 
than what we used in previous works of this kind. 

MAIN RESULTS 

Contours of individual risks of 10"' /year, lfr5 /year, and lo-6 /year were obtained, 
respectively, for approximated radii of 200, 500 and 700 meters around the facility 
(Figure 1). The F-N curve for the public revealed that the frequency of accidents with 
10 or more deaths is about 2 x 10"' /year, and that of the accidents with 100 or more 
deaths is about 7 x 10·5 /year, with a maximum number of about 275 fatal victims. 
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Figure 1 - Contours of individual risks for !he existing facility 

Since risk acceptability criteria for the public have not yet been established in 
Brazil, we compared our results to international existing criteria such as those of 
Holland and Denmark. This comparison showed that the risks of operation of the 
existing but~e storage facility would be considered as "unacceptable" in both of those 
countries (Figures 2 and 3). 

Individual risks for the workers of various affected units inside the refinery were 
converted to "fatal accident rates", with values ranging up to 10 for the butane storage 
facility operators. These values were then compared to the average FAR value for the 
Brazilian chemical industry, which is about 8.0. Therefore, the obtained FAR values 
for the butane facility were considered too high for the most affected workers. 

Eight risk-reduction measures were proposed by the working group, ranging from 
removal of presently unused components, establishment of test procedures for valves, 
up to sloping the ground under the spheres to eliminate the accumulation of liquefied 
gas under the spheres and removal of neighboring liquid fuel tanks. ,The risks were 
reevaluated assuming that all measures would be implemented by the Refinery, and 
compared again to the acceptability criteria. Although a significant reduction was 
obtained, the results are still partly in the high side of both criteria, as shown by 
Figures 2 and 3. 
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F-N Curve for the Public 
Holland Criteria 
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Figure 2 • Comparison of existing faciliry and after risks reduction measures F-N curves co the 
Holland criteria 
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Figure 3 • Comparison of existing facility and after all risk-reduction measures F-N curves to the 
Denmark criteria. 
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Table 1 shows the impact of each risk-reduction measure over the public social 
risk, the total cost, the annual cost for ten years extension life of the facility and the 
cost per death averted. From this table, with exception of measure 8 (high cost), all the 
other measures could be considered for implementation, depending of financial 
resources availability. 

Table 1 • Relation between risk reduction and associated CO<IIS for each measure 

Existing facility average societal risk for the public a 2.14e-02 deaths/year 

Measure Risk Total Cost Annual Cost Cost/Death 
reduction (US$) (USS) Averted 

( death/year) (USS/death) 

L Test of liquid blockage three action 5.lOc-05 O.OOe+OO 
valves each three months. 

2. Water injection directly in the manifold, 3.34e-03 2.80e+04 3.8e+03 Ll4e+06 
eliminating a valve and reducing the size 
of the valve for drainage execution. 

3. To elevate and slope the ground under l.25e--02 4.55e+05 6.I8e+04 4.95e+06 
the spheres. 

4. Valves removal at the pump discharge. 1.29e-04 1.00e+04 I.36e+03 l.05c+07 

5. Explosion proof control room and l.07e-03 1.00e+05 l.36e +04 l.27e+07 
operator always present in the control 
room. 

6. Use of only one product receiving line, 1.lle-04 l.12e+04 1.52e+03 l.37e+07 
removing the other. 

7. Nafta pipeway relocation. 6.33e-03 9.45e+05 l.28e+OS 2.03e+07 

8. Removal of neighboring liquid fuel 4.lOc-05 3.09e+06 4.20e+05 1.02e+ 10 
tanks. 

All risk-reduction measures. 2.44e--02 4.64e+06 6.30e +05 2.58e+07 

From the results obtained, it was concluded: 

1. The operation of existing facility imposes an unacceptable social risk to the 
public according to Holland and Denmark criteria. 

2. After the implementation of all risk-reduction measures, the social risk 
would not be totally acceptable (Denmark criteria), mainly due to low 
frequencies/high consequences (highly populated area). After this measures, 
the area of the public submitted to levels higher than l.Oe-05 (maximum 
value for acceptability in England) is relatively small. reaching mainly 
employees of adjacent companies, as illustrated by Figure 4. 

3. As the risks weren't reduced. after implementation of all risk-reduction 
measures, to an acceptable level, the butane storage in refurbished LPG 
facility would be an attractive alternative to be considered by RED UC upper 
management. 
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Figure 4 - Contours of individual risks after all risk-reduction measures implementation. 
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S. A. Eide1, R. S. Shay', and W. S. Durant2 

1Los Alamos Technical 
Associates, Inc. 

P. 0. Box 51688 
Idaho Falls, ID 83405-1688 

INTRODUCTION 

2Westinghouse Savannah River 
Company 

1991 S. Centennial Ave. 
Building 1 
Aiken, SC 29803 

The 200,000 acre Savannah River Site (SRS) has nearly 30.nuclear facilities spread 
throughout the site. The safety of each facility has been established in facility-specific 
safety analysis reports (SARs). Each SAR c9ntains an analysis of risk from seismic 
events to both onsite workers and the offsite population. Both radiological and 
chemical releases are considered, and air and water pathways are modeled. Risks to 
the general public are generally characterized by evaluating exposure to the maximally 
exposed individual located at the SRS boundary and to the offsite population located 
within 50 miles. 

Although the SARs are appropriate methods for studying individual facility risks, 
there is a class of accident initiators that can simultaneously affect several or all of the 
facilities. Examples include seismic events, strong winds or tornadoes, floods, and loss 
of offsite electrical power. Overall risk to the offsite population from such initiators is 
not covered by the individual SARs. In such cases multiple facility radionuclide or 
chemical releases could occur, and offsite exposure would be greater than that indicated 
in a single facility SAR. 

As a step towards an overall site-wide risk model that adequately addresses 
multiple facility releases, a site-wide seismic model for determining off-site risk has 
been developed for nuclear facilities at the SRS. 1 Risk from seismic events up to the 
design basis earthquake (DBE) of 0.2 g (frequency of 2.0E-4/yr) is covered by the 
model. Present plans include expanding the scope of the model to include other types 
of initiators that can simultaneously affect multiple facilities. 

METHODOLOGY 

Development of the SRS seismic risk model involved four steps: 
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2. 

Identification of all nuclear facilities at the SRS 

Review of seismic accident analyses (radionuclide and chemical releases and air 
and water pathways) in facility SARs 

3 . Updating of air dispersion and dose calculations for seismic accidents to obtain 
up-to-date and consistent results (1992 offsite population and ICRP-30 dose 
model) 

4. Integration of individual facility results to obtain a site-wide risk model. 

Nuclear facilities at the SRS were identified by a review of existing SARs and a 
review by cognizant safety personnel. The SRS has 29 different facilities historically 
classified as nuclear. This list does not include storage and waste facilities with very 
small amounts of radionuclides and whose classification is presently undecided. Such 
facilities would not significantly contribute to the offsite risk. 

Once the nuclear facilities and SARs were identified, the seismic accident analyses 
were reviewed. Several cases were encountered in the SARs: 

• Single seismic accident analysis for the DBE (for facilities that do not release 
significant quantities of radionuclides or chemicals for earthquakes significantly 
weaker than the DBE) 

• Multiple seismic accident analyses for the DBE to cover different sources of 
radionuclides or chemicals or different accident phenomena 

• Multiple seismic accident analyses covering a specuum of earthquakes up to the 
DBE (for facilities that can release significant quantities of radionuclides or 
chemicals for earthquakes weaker than the DBE) 

• Multiple seismic accident analyses covering a spectrum of earthquakes up to and 
beyond the DBE (for some of the newer SARs). 

Of the 29 nuclear facilities, 12 were chosen for inclusion in the seismic risk model 
based on their seismic-initiated offsite risk (as indicated in their SARs). These 12 
facilities contribute over 99% of the site-wide seismic risk to the offsite population. All 
seismic accidents (up to the DBE) for these facilities were then included in the model. 
The 12 facilities contributed a total of 15 seismic accidents to the model. 

Because the atmospheric dispersion calculations for the 12 facilities had been 
performed over a period of 10 years (1983 to 1993), inconsistencies existed with regard 
to the offsite population assumed and to the dose model used. All of these dispersion 
calculations were rerun using the most up-to-date SRS atmospheric dispersion code, 
AXAIR89Q.2 Therefore, all analyses were standardized using the 1992 offsite 
population, the ICRP-30 dose model, and SRS meteorological conditions based on the 
period 1982 through 1986. 

The final step in developing a site-wide seismic risk mo.de! involved integrating the 
individual facility seismic risks. The two main measures of off-site population 
radiological risk used at the SRS are the following: 

• Risk to the maximally exposed individual located at the SRS boundary (dose in 
rem, multiplied by the accident frequency) 
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• Risk to the offsite population located within 50 miles of the site ( dose in person­
rem, multiplied by the accident frequency) . 

The location of the maximally exposed individual at the site boundary varies with 
facility location with the SRS, as shown in Figure 1. Because of this and because a 
single site boundary location is needed for the site-wide model, the individual facility 
doses and risks to the site boundary individual are not additive. At a given instance in 
time, the wind direction across the site is relatively uniform. This implies that release 
plumes from certain facilities may not overlap at the site boundary. Therefore, the 
location of the maximally exposed individual at the site boundary for the dominant risk 
facility was chosen as the location for the site-wide model. Then releases only from 
facilities whose release plumes overlap this location were included for the site-wide 
calculation of risk to the individual located at the site boundary. 

In contrast, all facility results can be added to determine the site-wide risk to the 
offsite population located within 50 miles. 

Also desired were the exposures for the maximally exposed individual at the SRS 
boundary and the offsite population. To obtain these doses, only the DBE accidents 
from each facility were used. (To include other seismic accidents from weaker 
earthquakes would result in overestimation of the integrated dose. This problem of 
overestimation does not occur when risk measures are calculated, because the 
frequencies of the accidents are factored into the calculation.) Otherwise, the dose 
results were combined in a manner similar to what was done for risk results. 

RESULTS 

The resulting seismic risk model for the SRS appropriately integrates individual 
facility radiological risks to obtain the site-wide risk to the maximally exposed 
individual at the site boundary and to the offsite population. Both radiological and 
chemical releases and air and water pathways were initial! y considered in the 
development of the model. However, only air dispersion of radionuclides turned out to 
be significant with respect to risk to the offsite population. 

Final site-wide risk and dose results were approximately twice the results from the 
most dominant SRS facility . However, the site-wide results could have been much 
higher if facility locations at the SRS had been different or if none of the facilities had 
been dominant with respect to risk. 
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Figure I. This figure shows the Savannah River Site facility locations and site boundary. Also indicated 
are the locations of the maximum exposed individual at the site boundary for various facilities. 
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TORNADO IMPACT ANALYSIS FOR USE IN 
QUANTITATIVE RISK ASSESSMENT 

Jatin N. Shah' 

Senior Engineer 
Four Elements Ltd. 
450 W Wilson Bridge Rd 
Columbus, OH 43085 
(6 14) 431-6330 

INTRODUCTION 

Public awareness of the potential danger from accidental releases of hazardous 
chemicals has increased over the years. Major industrial accidents have led to 
promulgation of governmental safety regulations throughout the world. ln the United 
States, government agencies at all levels have passed regulations that are geared to protect 
the public and the environment from accidental releases of hazardous materials .. The 
evaluation of risks from chemical releases that are induced by events such as tornados. 
earthquakes, and other natural phenomena are required by California's Risk Management 
and Prevention Prograin (RMPP) and may also be required by the pending federal Risk 

. Management Program (RMP) regulation. Although most industrial facilities are designed 
to withstand high wind speeds, there is always potential for violent storms, such as 
tornadoes, that can damage buildings and process equipment. The possibility of a tornado 
strike in most regions of the United States is remote; however, in the some regions 
(Panhandles of Texas and Oklahoma, and Kansas) the probability of a tornado strike is 
significant. This paper describes a methodology to estimate the likelihood of a to'rnado 
impacting a facility and causing damage. Although there are other published 
methodologies for the quantification ofa tornado strike[l-'.lJ, the analysis presented in this 
paper provides .a more detailed, site specific calculation that can be used to detemiine 
potential chemical release probabilities. T~e results of this analysis can be easily 
incorporated into an overall risk analysis and used to partly fulfill regulatory requirements. 

'1l1is annlysis was primnrily developed while the author was an employee at DNV Technica. I would 
nlso like to thank the contributions of Kevin J. Mitchell who provided invaluable assistance during the 
analysis. Additionally, I would like to thank Dr. Krishna Mudnn and Philip M. Myers of Four Elements 
for their outstMding review of this paper. 
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BACKGROUND 

The quantification of risk using an appropriate methodology can provide a reliable 
and realistic estimate of risks from an industr ial facility. The Center for Chemica l Process 
Safety (CCPS) of the American Institute of Chemical Engineers (AIChE) have published 
guidelines for Quantitative Risk Assessment (QRA). The underlying basis of a QRA is 
to offer means to estimate the answers to the following questions: 

What causes the potential events ? 
How likely are these events ? 
What are the potential consequences of these events? 

The first question can generally be answered through the use of hazard 
identification techniques such as HAZOP, "What If', "What- lf'/Checklist . and Checklists 
to name just a few. These techniques provide only qualitative information regarding the 
likelihood and consequences of an event. Due to the very strong winds associated wich 
tornadoes it is obvious that a tornado strike may cause equipment damage which resu lt 
in a release of hazardous material. A detailed methodology lo determine the likelihood 
of a damaging tornado strike can be used in conjunction with equipment failure rates to 
obtain the overall likelihood of releasing hazardous material from process equipment at 
a given site. 

TORNADO IMPACT ANALYSIS 

The primary objective of a tornado analysis is to estimate the likelihood of a 
process unit being struck by a damaging tornado and the resulting effects. The likelihood 
depends on the frequency of tornado occurrences in the region, the area in which wind 
velocities exceed the critical damaging velocity, and the size of the process unit. Instead 
of determining the likel ihood of exceeding design wind speeds for each critical process 
equipment, it is more expedient to determine a wind speed profile. This profi le can be 
used for eac!J piece of equipment to determine appropriate damage levels. The following 
terms are used in this analysis: 

Ft = 
A 
L = 
w = 

P,.i = 
E, = 

F. = 
PW = 

expected number of tornados per year in a given area 
given area 
the mean length of "swept area" 
the mean width of "swept area" 
conditional probability a that tornado will be of given intensity. 
tornado exposure zone 
Occurrence frequency of a tornado of given intensity 
conditional exposure probability to various "F-Class" wind speeds 
for a tornado of given intensity 

A critical assumption of this analysis is that the touch-down point of a tornado 
is uniformly distributed over the given area, "A". This allows for appl ication of tornado 
occurrence data collected for a larger region (like counties) to .a smaller area (like a 
process unit). 
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Tornauo Data 049. 7 

For most regions in the United States, historical data on tornado strike frequencies 
can be obtained, from the National Weather Service's Severe Storms Center. These 
frequencies are nonnalized on both an annual and an area basis. Since the winds 
associated with tornadoes vary, the severity of damage along the potential strike area also 
varies. The extent and area of tornado damage increases with increasing wind speed. Dr. 
T. Theodore Fujita, Professor of Meteorology at the University of Chicago devised the 
"F scale" to classify tornados by their severity (4). 

The intensity of the tornadoes is not measured directly, but rather, indirectly by 
the type of resultant damage caused. Dr. Fujita devised a qualitative scale, coarse by 
design, such that the damage observer should not have to choose from between more than 
two intensity classes. For example, an FI tornado may be expected to cause moderate 
damage (topple mobil homes, snap trees, and damage roofs), while an F2 tornado is 
expected to cause considerable damage (such as lifting roofs from homes), and an FS 
tornado causes incredible damage ( completely destroying strong, well-built structures). 
In general , the frequency of tornado occurrence decreases with increasing intensity ( i.e. 
Fl tornadoes are more prevalent than F5 tornadoes). Table I presents th.: F-scalc along 
with the associated wind speed ranges, damage intensities, mean length, mean width o f 
tornadoes and a national average of conditional occurrence probabi lity for different 
intensity tornadoes. It should be noted that the conditional probability of having a tornado 
of given intensity ( Pr,) varies by region; therefore, a site specific analysis should be 
conducted to derive results simi lar to the ones shown in Table I. 

Table 1. Tornado classification by F-scale, wind speeds, and intensities. 

F-SCALE Wind Speed Prob. 0cc. Mean Length Mean Width Intensity 
(MPH) (%) (miles) (miles 

FO 40-72 - 26 1.2 0 028 Light Damage (broken brru,ches, 
rnobil home damage) 

Fl 73-112 37 2.6 0.062 Moderate D:1mage (snap trees, 
roof damage/ 

F2 113-157 27 5.4 0.185 Considerable Dam:t!!e (blow away 
roofs. uprooc trees) 

FJ 158-206 8.0 10.0 0.366 Severe Damage (blow away roots. 
damage and descroy wallsl 

F4 207-260 1.7 27.2 0.457 Devastacing D:1mage ( leave rnosc 
buildings as rubble 1 

FS 261-318 0.3 355 0.487 Incredible Damage (destroy 
buildings to their foundation) 

The greatest extent of damage caused by any given tornado is used to characterize 
its intensity. Therefore, a tornado may be classified with a certain F-scak, but only a 
fraction of the damaged area will have experienced wind speeds of that F-class. Twisdak 
(5) gave the conditional probability of observing various class wind speeds for a tornado 
of given intensity. These probabilities are presented in Table 2. 
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Wind Speed Class Probability 
Tornado 

FO Fl F2 F3 F4 FS Toral 
Class 

FO l I 

Fl 0.55 0.45 I 

F2 0.22 0.35 0.43 I 

F3 0.09 0.24 0.32 0.35 I 

F4 0.12 0.16 0.26 0.22 0.24 I 

F5 0.12 0.11 0.17 0.25 0.17 0.18 I 

Tornado Exposure Zone 

When calculating the tornado exposure zone the process unit area can be 
considered in conjunction with the mean width (W) and length (L) of the tornado which 
is dependent upon its intensity. The tornado strike area varies for each class of tornado 
and is detennined by multiplying the mean length and mean width of the tornado (given 
in Table l). Since only a portion of the process unit needs to be struck by a tornado to 
cause damage the tornado mean length and width are generally modified by the 
dimensions of the process unit. In most cases, the tornado dimensions are much larger 
than the process unit dimensions, so this modification is not significant. The exposure 
zone (EJ is calculated for each tornado intensity category . 

Frequency of Exceeding Specific Wind Speeds 

The occurrence probability of a given F-class tornado is calculated for a process 
unit by using equation (I). 

= [F, (E,.) P,;] I A ( I J 

The frequency of observing a given class of winds is obtained by multiplying the 
occurrence probability (F.) by the conditional probability of observing that class of wind 
speed (P .) as given in Table 2. The frequency versus wind speed profile is obtained by 
calculating this for each tornado intensity class and summing the frequencies for each 
class tornado. An example of a frequency versus wind speed profile is provided in 
Figure I. 

RISK ANALYSIS 

The estimation of risk involves estimating the likelihood of possible events. 
detennining the consequences, and integrating the consequences with the likelihood. A 
methodology for determining the frequency of exceeding given wind speeds is provided 
above. A methodology for the determination of failure sizes and the assessment of 
consequences is provided below. 
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Figure I. Frequency of exceeding various wind speeds. 

Release Size Determination 

5 

The size of potential releases caused by a damaging tornado depends upon the 
extent the design wind speed is exceeded by the tornado winds. Although a structural 
component or a building is designed to withstand a certain wind speed, construction, ag~. 
and prevailing condition will affect the extent of damage. Since the actual building or 
structures can be more or less resistant than the design specification, it is preferable to use 
a distribution of design wind speeds rather than a single design wind speed. Thus, the 
probability of a building withstanding a specific wind speed can be determined by using 
a log-normal ·distribution. In typical analyses, the design wind speed distribution is 
represented by using several discrete critical wind speeds. To illustrate, take the simplest 
of examples, a structure designed to withstand winds of I 00 mph with a standard 
deviation of 20 mph could use 80, 100, and 120 mph as the critical wind speeds to 
represent the design wind speed distribution. The damage, can then be con·elated _with 
exceedence of the discrete critical wind speeds. For tornado wind speeds within one 
standard deviation above the critical wind speed, the expected damage is moderate and 
would probably result in small leaks. For wind speeds between one and two standard 
deviations, considerable structural damage is likely to occur, potentially resulting in large 
leaks. Above two standard deviations, damage is expected to be catastrophic. For each 
damage category, the frequency of observing the winds required to cause the damage is 
obtained fonn a graph like Figure I. The frequency for various releases is determined 
by first multiplying the probability that the structure can withstand a specified critical 
wind speed by the frequency of observing the various wind speeds required to cause each 
damage category (moderate, considerable, and_ catastrophic) and then summing them. 
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Consequence Assessment 

Once hazardous material is released, its consequences are. dependent on several 
important factors such as: the type of release, type of material, material inventory. 
prevailing meteorological conditions, ignition sources, etc. Except for the meteorological 
conditions all of these factors would be addressed in the same manner as in a typical 
quantitative risk analysis and are not discussed further here. 

Initially, releases that are induced by tornadoes quick ly diluted affected by the 
associated high wind speeds. However, tomados usually pass the area in a brief period 
of time (usually less than five minutes) and the meteorological conditions after passag.e 
could vary considerably. Additionally, the tornado may cause severe structural damage, 
but a release may take place later. One should also exercise care in how the consequence 
of multiple releases initiated by a common cause, like a tornado strike, are evaluated. 
Therefore, caution must be exercised in modeling releases arising from tornadoes. The 
equipment failure rates should thus be increased to account for the tornado strike. 

CONCLUSIONS 

This paper has outlined the procedures for a detailed tornado analysis that can be 
incorporated in a QRA study. A separate curve can be developed for each facility. giving 
the frequency for various wind speeds. This can then be applied to various critical 
process equipment and buildings. This approach provides an efficient method to evaluate 
releases from process equipment with different design characteristics. A detailed tornado 
analysis can also be used as input for a comprehensive structural analysis, to evaluate 
potential options for reducing the likelihood of damage. The procedures outl ined in this 
paper result in a high quality site specific study that is fundamentally sound and 
defensible. ' 
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This paper attempts to examine the behaviour of the proposed 
sizewell B containment vessel under aircraft crash. A three­
dimensional time dependent ·crash analysis is carried out which 
incorporates, direct integration concept. The final results 
obtained include displacement, velocities, accelerations, 
concrete scabbing, perforation and general cracking. The final 
damage is shown in a special ly prepared postmortem diagram. The 
paper has an appendies summarizing the constitutive equations and 
flow of cracks for the proposed numerical model. 

I NTRODUCTION 
In the process of design of containment vessels for nuclear 

power plants special emphasis is placed on matters which 
guarantee their integrity against hazards within and without 
these vessels. They cause extreme stresses, plasticity, rupture 
and cracks in the vessels. The integrity analysis demands to 
evaluate a complex interaction. of many parameters caused by 
aircraft crash which include types of aircraft and their loading 
functions, the non- linear behaviour of materials and the local 
crashed zone, energy absorbing characteristics of component 
system and dynamic modes of failure and damage. In addition to 
that the integrity analysis is directl y dependent on special 
modeling and analytical techniques. 

This paper attempts to examine the behaviour of the proposed 
sizewell B containment vessel under the crash of a multi-role 
combat aircraft such as Tornado and Phantom RF-4E. A 60 section 
of the containment vessel is analyzed using three dimensional 20 
nodded isoparametric finite elements adopted in program OBAID. 
The crash area under consi deration is 28 m2 which is evaluated 
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from the data obtained from these two aircraft. The vessel is 
assumed to have unbonded tendons both in the dome and in the 
barrel wall. The influence of the liner is included in evaluating 
resistance to the crash. 

A STEP-BY-STEP DYNAMIC ANALYSIS 
The non-linear dynamic finite element analysis is reported 

in (1-4) for aircraft crash. The current analysis reported in 
this paper takes into consideration on the strength of the l iner 
intact initially with concrete by means of Lugs and other 
anchoring devices. The dynamic coupled equations are interpreted 
step- by- step and the response history of the vessel is divided 
into time increments At. I f [M] is the mass, [ CJ and (K ] are ·the 
damping and stiffness matrices, the equation of motion with 
specified material proper~ies at time are established. 

The equation of mot i on may be written in increment form wit h 
modified [.CJ and [ KJ . 
(1) (M){O(t)) + [ C0 ]{6(t} } + [K,,]{6(t)} = {R(t),} + {F(t)} 

where {F(t)} is the initial l oad= {(AC]*{6(t}}+[AK]*6(t} }} 
(* indicates time o ~ t). 

Solution ~t t + At . 
(2) (M ]{ 6( t +At))+(C0 ) {6 (t+At)}+[K,, ){ AR(t+At)) +( AF ( t +At)} 

AF( t+At) represents the non-l inearity during ti.me increment 
At and is determined by interaction using the . stress 
approach. . 

(3) {a} = [Or)({e}-{e0 ))+{a0 } 

The constitutive l aw is used with the initial stress and constant 
stiffness approaches throughout the non-linear and the dynamic 
iterati on. For the iteration 
(4) {6(t+At} }; = [~r•. {RroT(t+At) }; 
The strains are determined using 
(5) {B(t+At) }r[B){6(t+At)}; 
where [BJ is the strain displacement. The stresses are comput ed 
as 
(6) {a(t+At} }; = {~] {e(t+At)}; +{a0 (t+At) };.1 

where {a0 (t+At)}; is the total initial stress at the . end of each 
iteration. All calculations for stresses and strains are 
performed at the Gauss points of all elements. The initial stress 
vector is . 
(7) {a.(t+At)); = f{e(t+At)); =[~){B ( t+At)}; 

Using the principle of virtual work, the change of equilibrium 
and nodal loads {AF(t+At}}; are calculated as 

(8) {AF(t+At) }ll'OT = f.,+l f.,+1 f.,+I [B]1{ (A00 (At+t)) }; <; ct_. dr 
a 0 (t) = {a0 (t+At) }; = O 

where di, ct_, dr are the local co-ordinates. 

The integration is performed numerically at the Gauss points. 
Effective load vector F(t) is given by 
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(9) (o.F(t+o.t)rror = -(o.a(t)0 ) ( (6(t+o.t)}; * (6(t)}) 
= - (o.C(t+o.t);(6(t+o.t) };(o.K(t) 0 ( (6(t+o.t) };(6(t} };) 
= - (o.K(t+o.t};(6(t+o.t) }; 
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Von Mises criterion is used and together with transitional factor 
f *n form the basis of the plastic states such that 

( 10} f*n = 
a,(t) - a,.,(t) 

a( t+o. t };-a ( t+o.t );.1 

The elasto-plastic stress increment will be 
(11) (o.a;} = (DJ .. (a(t+o.t);.1 (1-f*n)(o.e) 
If a(t+o.t); < a,(t), it is an elastic limit and the process is 
repeated. The equivalent stress is calculated from the current 
stress state, where stresses are drifted they are corrected from 
the equivalent stress-strain curve. 

The residual load vector is calculated as 
(12) (R } = (F,} - l. (B)To(t+o.t); d vol 
Stresses are checked against cracking criteria to find new 
cracks. A new secant (DJ is built which takes into account the 
new cracks for changes in modulus of elasticity due to higher 
compressi on and also due to additional crushing of concrete. 
Stresses existi ng normal to cracks or crushing are released from 
the new stresses a · (t+o.t); 

( 13) a"(t+o.t); = a(t+o.t); - aca 

LOADI NGS AND VESSEL PARAMETERS 
The load time functions is reported in ( see ref. 5 J for 

Phantom and Tornado multirole combat aircraft are summarized in 
Fig.1. Tabl e 1 gives the material properties. Table 2 shows the 
vessel parameters given initially for the Sizewell B inquiry (6 ) 

APPLICATION TO SI ZEWELL B 
Figure 2 shows linear and non linear displacements of the 

vessel with the final post-mortem given in Figures 3 and 4 for 
both aircraft. 

SUMMARY AND CONCLUSIONS 
Dynami c analysi s under aircraft crash has been carried out 

using t he proposed analysi s. The evaluation of the criticality of 
the containment vessel with the reactor embedded equipment 
involved a complex interaction of numerous parameters. Upon crash 
the aircraft can produce two types of effect on the vessel, 
namely, the local effects and the overall effects. The local 
effects are characterized by penetration, perforation and 
backface spalling or scabbing of the vessel material. The overall 
effects of the aircraft crash on vessel st ability are commonly 
evaluated in terms of the flexural and shear behaviour of the 
vessel. The aircraft impact or crashes produces a stress wave 
which is a transient stress disturbance which travels a finite 
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velocity from the level of application of load. The wave can be 
longitudinal or dilational parallel to the direction of the crash 
and transverse or distortional perpendicular to the direction of 
the crash. Using the Sizewell B parameters and the load-time 
functions for two aircraft the proposed analysis has been carried 
out and the results are plotted. During crash the liner in the 
local area has ruptured. The studs in the local area under impact 
load have been ruptured. In other areas they have buckled. 
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Table 1 - Design Stress Data 

Conventional Steel 

a1 - yield strength 

Ep = 0.1 E 
Liner 6 mm to 12 mm thickness 

Coefficient of linear expansion 

thermal conductivity 
-ultimate strain 

E(steel) 
E(concrete) - short term 

long term 
E(soft zones) 

Ep - plastic moulus 
Poissons Ratio 

Coefficient of Thermal­
Expansion of Concrete 

Short term specific creep 

Long term specific creep 

Minimum crushing strength at 

28 days. 

I 
I\ I 
.. -I \ 

I ' 
4S I \ . \ 

• -e M ' 

-:, ,s 

• 

.:l 
,,_, I-

Steps 

4516 MN/mm1 

10 µM;m•c 

41. 6 w;m•c 
0.0035 

200 X3 103 MN/m2 

38xl03 MN/m1 

20. 7xl03 MN/m1 

O. 74 E 

0. 47 E 

0.15 (concrete) 
1.3 (Steel) 

1ox10 .. ;•c; 12x10 .. /°C( *) 

1830x10·• MN/m1 •c 
2407x10·• MN/m1 •c 

Tornado 
Phantom 

••• , (s) 

I 
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Table 2 - Con,tainment vessel Parllllleters 
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FULLY INTEGRATED RISK MANAGEMENT 

R. J. Doyle, Ph.D., K. J. Beierschmi\t, Ph.D. , P.E. 

Risk Management Department 
Battelle Pantex 
P. 0. Box 30020 
Amarillo, TX 79177 

INTRODUCTION 

Risk management is a process that cuts across disciplines, and uses information from 
a variety of sources. Each element in a risk management program must be viewed jointly 
with all other elements because all are required for effective risk management. Too often, 
however, risk management programs consist of a series of disjoint elements. For example, 
quality assurance is a vital element of risk management; it mitigates risk by ensuring that 
standards and criteria arc maintained. But quality assurance is usually independent of the 
risk management program. The same is true of maintenance management, however, 
maintenance management ensures that reliability assumptions that affect risk are 
maintained. Understanding of interactions such as these by management and line 
personnel is essential to managing risk. · 

An effective risk management program empowers those responsible for affecting risk 
by ensuring effective interaction of all program elements, by providing training on the 
clements of the program and their interactions, and by providing management endorsement 
and support for the program. 

Full integration of all the elements of a risk management program produces a whole 
far greater than the sum of the parts. Information contained in one element of the 
program, but required by other clements is more readily available and more easily 
transmitted among functions. In some cases, this integration means that contradictory 
regulatory and procedural guidance is discovered, resolved and eliminated. 

The Integrated Risk Management Program (IRMP) was established to describe and 
provide oversight for the diverse activities and programs that arc being undertaken to 
satisfy new Environment, Safety and Health (ES&H) requirements. The IRMP mission 
is to identify areas for improvement in existing programs, prioritize needs, assure 
consistency among program interfaces, and develop transition strategics to accommodate 
new regulatory guidance from DOE. . 

The IRMP supports ES&H upgrade activities that satisfy changes in regulations and 
DOE orders. The IRMP supportS these functions by: integrating ongoing programs, 
interpreting regulatory requirements, evaluating consistency between programs and 
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requirements, assuring consistency among program interfaces, tracking program progress, 
developing transition strategies, and prioritizing needs of programs. 

A fully integrated risk management program assures the proper definition, control, 
maintenance, and assessment of the safety envelope. 

DEFINE THE SAFETY ENVELOPE 

The Safety Analysis Report (SAR) is a vital element of controlling the risk of facility 
operations--it provides the technical justification that the facility can be operated safely. 
The SAR describes the criteria against which the facility was designed., establishes design 
bases for safety-related systems, describes the actual configuration of the facility, describes 
how operations are to be performed in the facility, and demonstrates through analysis the 
level of safety that has been or is eJtpected to be achieved. 

The facility "safety basisw is the information presented in the SAR, including aspects 
of design, engineering analyses, and administrative controls, that are vital to the control 
of hazards of the facility. The safety basis is the basis on which both the contractor and 
the DOE determine that it is safe to operate the facility. Approval to operate the facility 
is granted by the DOE with the understanding that the contractor will operate the facility 
within the 'safety envelope', the boundary of aca!ptable conditions that are consistent 
with the safety basis. · 

For a new facility, the development of the safety basis can be divided into·two phases: 
preliminary design, and final design and construction, 

(i) Preliminary Design Phase 

The Preliminary Safety Analysis Report (PSAR) provides documentation of the safety 
basis that is developed during conceptual and preliminary design. If the hazard level of 
the facility is very low, a safety assessment may first be performed and submitted to the 
DOE to determine whether a Safety Analysis Report is warranted. Approval of the PSAR 
is required prior to construction of a facility. 

DOE Order 5480.23, Nuclear Safety Analysis Reports, describes requirements for 
safety analysis reports prepared for nuclear facilities. Design criteria are provided for 
DOE facilities in DOE Order 6430. IA, General Design Criteria. The criteria depend upon 
the type of facility being designed. Within the SAR, all of the applicable federal, state, 
and local criteria are identified and the degree of compliance with the criteria is presented. 
A key step in establishing the safety basis of the facility is the selection and analysis of 
design basis accidents. The capability of the design to withstand natural phenomena, as 
required by DOE 6430.lA, is currently evaluated according to UCRL-15910. A new 
Order, DOE 5480.NPH, is in preparation to provide guidance in this area. 

Another key step is the performance of failure modes and effects analyses to identify 
which system failures could lead to critical or catastrophic consequences, to categorize 
safety-related systems, and to establish the level of Quality Assurance required. To 
evaluate the level of safety provided by the design, a risk analysis is performed and 
documented in the PSAR. 

Safety is included in the facility design by compliance to a number of DOE Orders, 
including: Human Factors Engineering (DOE 6403. lA & DOE 5480.23); Fire Protection 
(DOE 5480.7A), Criticality Safety (DOE 5480.24), and Quality Assurance (DOE 
5700.6C). 

(ii) Final Design and Construction Phase 
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During final design and construction, the PSAR for the facility is updated to become 
the Final Safety Analysis Report (FSAR). At this stage, configuration management 
becomes an important aspect of risk management. As the basis for approvals, the 
information in the SAR must be controlled. The analyses performed and documented in 
the SAR must reflect the design and what is ultimately constructed. 

Intimately associated with configuration management is quality assurance. Quality 
assurance provides confidence that the level of safety of the constructed facility is 
consistent with the level of safety analyzed in the FSAR. The Quality Assurance Program 
provides an umbrella under which the architect-engineer performs design, the constructor 
performs construction, and the Final Safety Analysis Report (FSAR) is prepared. 

The approval of the DOE for the operation of a facility is based not only on the safety 
characteristics of the design, but also on how the facility will be operated. In particular, 
assurance must be given in the FSAR that the operation of the facility will not extend 
outside the safety envelope. The SAR analyses support the derivation of operational 
requirements including safety limits, limiting safety system settings, limiting conditions for 
operation, surveillance require·ments, and administrative controls. 

For a nuclear facility, a stand-alone Technical Safety Requirements (TSR) document 
is prepared (in accordance with DOE 5480.22), which contains the operational 
requirements that, if violated, could result in off-site consequences. The entire SAR 
represents a contract with the DOE regarding how the facility will be operated. 

Before a facility can be operated, operating procedures must be developed, acc.ording 
to requirements in DOE 5480.19, and personnel must be trained, as specified in DOE 
5480.18A and DOE 5480.20 for nuclear facilities. An Emergency Management Program 
must also be established, as required by the DOE 5500 series of Orders. The Emergency 
Management Program must identify organization and responsibilities, develop procedures 
for emergency response, provide appropriate facilities and equipment, and prepare 
emergency response plans. 

In its review and approval process for the FSAR, the DOE prepares a Safety 
Evaluation Report (SER) which examines the safety basis provided in the FSAR. After 
approval of the FSAR, the contractor must perform an Operational Readiness Review to 
assure that all of the commitments made in the FSAR have been satisfied and that the 
facility is ready to operate. In turn, the DOE performs .an Operational Readiness 
Evaluation (ORE). Operation of the facility can then begin. 

MAINTAIN THE SAFETY ENVELOPE 

The manner in which facilities are operated is at least as important to the risk as the 
safety characteristics of the design. The changes that are being imposed on this aspect of 
the management of DOE facilities are perhaps the most challenging because they require 
not only major. financial resources, but a change in the safety culture and attitudes of 
operating personnel. 

DOE Order 5480.19 provides requirements for the conduct of operations at DOE 
facilities. These requirements are largely based on those developed by the Institute for 
Nuclear Power Operations (INPO) for commercial nuclear facilities and can be imple­
mented on a graded approach according to the hazard level of the facility. Conduct of 
operations covers a variety of areas including 

• Operations organization and administration 
• Shift routines and operating practices 
• Control area activities 
• Communications 
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• On-shift training 
• Investigation of abnormal events 
• Notifications 
• Control of equipment and system status 
• Lockouts and tagouts 
• Independent verification 
• l.ogkeeping 
• Operations turnover 
• Operations procedures 
• Postings 
• Labeling. 

Conduct of operations is primarily human oriented. Increased fonnality in the conduct 
of operations in all of these areas is essential to reducing the human error contribution to 
risk. It is also imponant to control the status of the facility and equipment. The analysis 
of risk performed in the SAR relates to a new facility with equipment that operates within 
design specifications. In-service testing and surveillance are necessary to assure that 
materials have not degraded with age and that equipment has not been unacceptably 
modified or worn out. 

Similarly, the maintenance management program, as required by DOE 4330.4A, 
assures that equipment does not degrade as the result of lack of maintenance. Safety­
related instrumentation must be kept calibrated to be reliable. The evolving philosophy 
within the nuclear industry and the DOE is that an older facility should pose no difference 
in risk or reliability from a new facility. Preventive maintenance is an important element 
of this philosophy. 

CONTROL CHANGES TO THE SAFETY F.NVELOPE 

The DOE approves operation of a facility according to the design and procedures 
described in the SAR. During the lifetime of the facility, changes will be required in 
facility design and operating procedures. In the past, SARs were not updated to reflect 
changes in DOE facilities and, typically, changes were made to facilities with little analysis 
of the impact on the approved safety basis. 

Improved configuration management (a draft Order, DOE Order 5480. CM, is in 
preparation), like improved conduct of operations, requires a major cultural change in the 
operation of DOE facilities. It also requires a major investment to make the transition 
from facilities with unmanaged configuration to managed configuration. In some cases, 
the cost of transition cannot be justified based upon the remaining lifetime of the facility. 
In other cases, upgrading of configuration management can be limited to critical safety 
systems that have a direct impact on the safety basis. 

Configuration management affects many different aspects of facility management 
including document control, maintaining drawings that reflect as-built and as-modified 
construction, controlling changes in procedures, obtaining appropriate approvals before 
maldng modifications, and updating documents to reflect changes. 

DOE Order S480.21 identifies requirements for addressing Unreviewed Safety 
Questions (USQ) in nuclear facilities. · USQ's arise when changes are made in facilities, 
when a test or experiment is to be performed that was not explicit! y considered in the 
SAR, when an error is discovered in the SAR, or when new data result in questioning the 
validity of an assumption in the SAR. 

The purpose of the USQ process is to identify changes or conditions that may be 
outside the envelope of the authorization basis on which DOE approved operation of the 
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facility. The implementation of a USQ program is intimately related to the st2le of 
configuration management and the existing authorization basis of a facility. A USQ 
program must be phased into existence as the authorization basis and configuration 
management are established. 

ASSESS THE SAFETY ENVELOPE 

The final risk management function is to assess the safety envelope. Programs have 
been undertaken to control risk by developing a safety envelope, controlling a safety 
envelope, and modifying a safety envelope, as described in the preceding sections. It is 
not enough to implement programs, however-it is also important to measure their effec­
tiveness. Assessment includes both the evaluation of the condition of the physical plant, 
and a self-assessment that focuses on the management system that is controlling plant 
safety. 

The Quality Assurance Program, as required by DOE 5700.6C, addresses: 

• Management: Contractors are required to develop a Quality Assurance Program 
that describes organizational structure and responsibilities, to assure proper training 
of staff, to establish processes for maintaining and upgrading quality, and to control 
records. 

• Performance: Contractors are required to establish technical standards, adminis­
trative controls, and approved procedures; to incorporate applicable design require­
ments and criteria in facility design; to procure items and services according to es­
tablished specifications; and to perform inspections and acceptance tests. 

• Assessment: Contractors are required to assess their own performance periodically 
and to obtain periodic independent review. 

The functions of surveillance and in-service testing were mentioned under "Controlling 
the Safety Envelope" as a means of assuring that conditions are not deteriorating. Other 
indicators can be used to determine whether risk is being properly controlled. It is critical 
that performance indicators be established and tracked. Examples of such performance 
indicators are lost workday incidence rate, equipment outages, and maintenance backlog 
to identify safety-related or risk-related problems in the plant or in the management system 
that is being used to control risk. It is also necessary to monitor abnormal occurrences, 
which may be an indication of a deterioration in risk management to identify and correct 
the root cause of those occurrences. 

SUMMARY 

Risk management programs today are generally considered to be discrete, stand-alone 
programs, as are quality assurance, configuration management, maintenance management, 
waste management, human factors, fire protection, industrial hygiene, and many others. 
However, the fact is that all these elements comprise a risk management program, and a 
risk management program cannot exist without taking all these elements into account in 
a fully integrated fashion. Once fully integrated, these elements provide us with a system 
that enables us to define, maintain; control and measure the safety envelope. This has 
effectively been achieved through the IRMP. 
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ORGANIZATION OF PERFORMANCE ASSESSMENTS 
CONDUCTED FOR THE WASTE ISOLATION PILOT PLANT 

J. C. Helton, I D. R. Anderson,2 and M. G. Marietta2 

I Arizona State University, Tempe, AZ 85287 
2 Sandia National Laboratories, Albuquerque, NM 87185 

INTRODUCTION 

The Waste Isolation Pilot Plant (WIPP) in southeastern New Mexico is being 
developed by the U.S. Department of Energy (DOE) as a disposal facility for transuranic 
waste. l ·3 In suppon of this project, Sandia National Laboratories is conducting an ongoing 
performance assessment (PA) for the WIPP.4-9 The ordered triple representation for risk 
proposed by Kaplan and Garrick IO is used to provide a clear conceptual structure for this 
PA. · 1rus presentation describes bow the preceding representation provides a basis in the 
WTPP PA for (I) the definition of scenarios and the calculation of scenario probabilities 
and consequences, (2) the separation of subjective and stochastic uncertainties, (3) .the 
construction of the complementary cumulative distribution functions (CCDFs) required in 
comparisons with the U.S. Environmental Protection Agency's (EPA's) standard for the 
geologic disposal of radioactive waste (i.e., 40 CFR Pan 191, Subpan B),11 and (4) the 
performance of uncertainty and sensitivity studies. The organization of this discussion 
follows the structure previously used in Refs. 12 and 13. Results obtained in preliminary 
PA for the WIPP completed in December of 1992 are used for illustration. I 4, IS 

CONCEPTUAL BASIS FOR WIPP PERFORMANCE ASSESSMENT 

As proposed by Kaplan and Garrick, IO the outcome of a PA can be represented by a 
set ~of ordered triples of the form 

~; {(S;,PS;, cS1), i=l, ... , nS}, (I) 

where S1 is a set of similar occurrences, pS; is the probability that an occurrence in the set S; 
will take place, CS; is a vector of consequences associated with S;, nS is the number of sets 
selected for consideration, and the sets S; have no occurrences in common. 1bis 
representation formally decomposes the outcome of a PA into what can happen (the S1), 

bow likely things are to happen (the pS1), and the consequences of what can happen (the 
c:S1). The S; are typically referred to as "scenarios" in 1'8dioactivc waste disposal. 
Similarly, the pS1 are scenario probabilities, and the vector cS1 contains environmental 
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releases for individual isotopes, the norrnali:wl release defined by the EPA, I I and possibly 
other infonnation associated with scenario S1. 

Although the representation in Eq. (1) provides a natural conceptual way to view 
risk, the set ~by itself can be difficult to examine. For this reason, the risk results in ~are 
often summari:wl with CCDF s, which provide a display of the information contained in the 
probabilities pS1 and the vectors cS1• With the assumption that a particular consequence 
result cS in the vector cS has been ordered so that cS; :s: cS1.,. 1 for I= I, ... , nS-1, the 
associated CCDF is shown in Fig. 1. A consequence result of particular interest in P As for 
radioactive waste disposal is the EPA norrnali:wl release to the accessible 
cnvironment.11,16 As indicated in Fig. I, the EPA places a bound on the CCDF for 
nonnaliz.ed release ~ the accessible environment Regulatory considerations associated 
with the WIPP PA arc discussed by Anderson and Marietta (these Proceedings) and in 
more detail in Ref. 14. 

In practice, the outcome of a PA depends on many imprecisely known variables. 
These imprecisely known variables can be represented by a vector 

(2) 

where each xj is an imprecisely known input required in the PA and n V is the total number 

of such inputs. As a result, the set ~is actually a function of x: 

<Rfx) = {[S1(x),pS,(x), cS,(x)], t=l, ... , nS(x)} . (3) 

As X changes, so will <Rfx) and all summary measures that can be derived from <RJ'.X). Thus, 
rather than a single CCDF for each consequence value contained in cS, there v.ill be a 
distribution ofCCDFs that results from the possible values that X can take on. 

In the WIPP PA, the uncertainty characterized by the probabilities pS1 in Eq. (I) is 
referred to as stochastic uncertainty and results from the fact that the system under study 
can behave in many different ways. The uncertainty associated with x is referred to as 
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subjective uncenainty and results from a Jack of knowledge on the part of the analysts 
conducting the WIPP PA. Toe importance of maintainiDg a distinction between stochastic 
and subjective uncertainty bas been emphasized by a number of authors.10,17,18 

Toe uncenainty in x can be characterized by probability distributions 

(4) 

where Dj is the distribution for the variable xj contained in x. Toe definition of these 
distributions may also be accompanied by the specification of correlations and various 
restrictions that further define the relations between. the Xj- These distributions and other 
restrictions probabilistically characterize where the appropriate input to use in a PA might 
fall given that the analysis ha:s been structured so that only one value can be used for each 
input variable. The development of such distributions for the WIPP PA is discussed by 
Tierney (these Proceedings) and in more detail in Vol. 3 of Ref. 14. 
• Once the distributions in Eq. ( 4) have been developed, Moote Carlo techniques can 

be used to determine the uncertainty in '1i{x) that results from the uncertainty in x. First, a 
sample 

Xt ; [x41,xk2, ···,".t.nv],.r-1, ... , nK, (5) 

is generated according to the specified distributions and restrictions, where nK is the size of 
the sample. The PA is then carried out for each sample element xk> which yields the 
sequence ofresults 

!l«X.t} = {[S,{X.t},pS,{x.t}, cS,{x.t)] , Fl, ... , nS(X.t} (6) 

for .r-1, ... , nK. For the 1992 WIPP PA, nV = 49 (Table 3-1, Ref. 15) and nK = 70 (Table 

C-2, Ref. 15). Each set '1i{x,0 is the result of one complete PA carried out with a set of 
inputs (i.e., x.t) that the review process producing the distributions in Eq. (4) concluded was 
possible. For a particular consequence result, a CCDF will be produced for each set !7«xi:) 
shown in Eq. (6). This yields a distribution of CCDFs of the form shown in the left frame 
of Fig. 2, which can be summarized with mean and percentile curves as shown in the right 
frame. In addition, the expression in Eq. (6) generates a mapping from analysis input (i.e., 
xi:) to analysis results (i.e., ~x.t)) that can be explored with regression-based sensitivity 
analysis tecimiques.9,15,18 

STRUCTURE OF 1992 WIPP PERFORMANCE ASSESSMENT 

Scenarios constitute the first element St of the ordered triples contained in the set ~ 
shown in Eq. (I) and are obtained by subdividing the set 

S= {x: x a single 10,000-yr history beginning at decommissioning of the WIPP}. (7) 

Each I 0,000-yr history is complete in the sense that it includes a full specification, 
including time of occurrence, for everything of importance to PA that happens in this time 

. period. In the 'terminology of Cranwell et al., 19 each history would involve a 
characterization for a specific sequence of "naturally occurring and/or human-induced 
conditions that represent realistic future states of the repository, geologic systems, and 
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Figure 1. Distribution of CCDFs for nomtalized release to the acctUible environment over 10,000 }T for 
cuttings removal (Fig. 8.2-3, Ref. I 5). 

ground-water flow systems that could affect the release and transport of radionuclides from 
the repository to humans." 

The development of scenarios for the 1992 WIPP PA led to a set S of the form 
shown in Eq. (7) in which all credible disruptions were due to drilling intrusions (Ref. 14, 
Vol. 2, Ch. 4). As a result, scenarios were defined to provide a systematic coverage of 
drilling intrusions. Specifically, scenarios were defined on the basis of (I) number of 
drilling intrusions, (2) time of the drilling intrusions, (3) whether or not a single waste 
panel is· penetrated by two or more boreholes, of which at least one penetrates a pressurized 
brine pocket and at least one does not, and (4) the activity level of the waste penetrated by 
the boreholes. 

The construction of scenarios started with the division of the I 0,000-yr time period 
appearing in the EPA regulations into a sequence 

[t;.1, tJ, f"'i, 2, ... , nT, (8) 

of disjoint time intervals. These time intervals lead to scenarios 

.s(n) = {x: x an element of S for which exactly n(1) intrusions occur in time interval 
[t1.1, t;] for f"'l, 2: ... , nT} (9) 

and 

Jl:l,n) = {x: x an element of .s(n) for which the 11h borehole encounters waste of 
activity level l(J) forj=l, 2, ... , nBH}, (10) 

·where 

• T 
n = [ n(l),n(2), ... ,n(nT) ], l•(/(1), /(2), ... ,/(nBH)). nBH = L n(i). ( 11) 
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Additional scenarios involving penetrations of pressurized brine pockets were also defined. 
For cuttings removal in the 1992 WIPP PA, nT = 6 and the individual time intervals were 
[100, 150 yr] , [150, 200 yr], [200, 500 yr], (500, 1500 yr], [1500, 4500 yr] and (4500, 

10,000 yr]. Scenarios of the form .5(1,n) were used as the basis for the CCDFs for 
normalized release to the accessible environment presented in the 1992 WIPP PA (e.g., as 
shown in Fig. 2) (Ref 15, Ch. 2; Ref. 20). 

Probabilities for scenarios were determined under the assumption that the 
occurrence of boreholes through the repository follows a Poisson process with a rate 
constant ).. (Ref. 15, Ch. 2; Refs. 20, 21). The probabilities pS(n) and pS(l,n) for the 

scenarios .s(n) and .5(1,n) are given by 

(12) 

and 

pS(l,n)= ( n pl1u>)pS(n), 
;=I 

(13) 

where n, I and nBH are defined in Eq. (11) and pl1 is the probability that a randomly placed 
borehole through a waste panel will encounter waste of activity level /. Table 2.5-4 of Ref. 
15 provides an example of probabilities pS(n) calculated as shown in Eq. (12) with ).. 
= 3.78 x 10-4 yr ', which corresponds to the maximum drilling rate suggested for use by 

the EPA. I I Related expressions were also developed for the probability of scenarios that 
involve penetration of pressurized brine pockets (Ref. 8, Vol. 2, Chs. 2 and 3; Refs. 20, 21). 

As indicated in Fig. 3, the following computer models were used to estimate 
scenario consequences in the 1992 WIPP PA: CUTTINGS, BRAGFLO, PANEL. 
SEC02D and SECOTP. Descriptions of these models are given in Marietta et al. (these 

" . •= • • E:, .. "' . .: 
9 .!, 
; t = > a: 0 

CUTTINGS 

SEC020/SECOTP (Flow/Tronapor1) I 

1- SuNurf•ce Boundary 
: of Accnalble Envttonment 

I 

Figure 3. Models used in 1992 WIPP PA. 
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Proceedings) and in more detail in Vol. 2 of Ref. 14. Detailed calculations were performed 
for a subset of the scenarios indicaled in Eq. (9) and then used to algebraically construct the 
releases associated with the remaining scenarios needed to develop CCDFs of the form 
shown in Fig. 2 (Ref. 9, Vol. 2, Ch. 3; Ref. 20). 

DISCUSSION 

The need to separate stochastic and subjective uncertainty controls the overall 
organization of the WIPP PA. Without this separation, it is difficult to assess the meaning 
of probabilistic statements coming out of the assessment (i.e., do these statements represent 
different possibilities that have a real potential of occwring, a degree of belief with respect 
to different alternatives, or some combination of the precoling). The probabilities pS; 
appearing in Eq. ()) represent stochastic uncertainty. As indicated Eqs. (2), (3) and (4), 

, subjective uncertainty enters the PA due to analyst uncertainty with respect to bow to 
evaluate the risk representation in Eq. ( I). What is referred to as uncertainty and sensitivity 
analyses is typically an attempt to assess the impact of subjective uncertainty. Uncertainty 
and sensitivity analysis play an important role in a PA by both indicating bow much 
confidence should be placed in the results and where efforts can be invested most 
productively to improve this confidence. 

With respect to stochastic and subjective uncertainty, there are actually two 
probability spaces: A probability space (S.,, ,! ,,, Ps,) for stochastic uncertainty and a 
probability space (S.,..,, '1..,, p,11) for subjective uncertainty. The WIPP PA uses a different 
experimental design to cover each space. The division of the sample space s,, associated 
with stochastic uncertainty into the scenarios S; in Eq. (1) is a form of importance 
sampling. The scenarios S; are the strata in this design and the scenario probabilities pS; are 
the strata probabilities. Importance sampling is often used to assure the inclusion of 
potentially important, but low probability, events in an analysis. The sample space Ssu 
associated with subjective uncertainty is covered with a design based on random or Latin 
hypercube sampling.22 This design is used to assure the full coverage of the range of each 
variable and is ofley used when either there is not enough information to plan an analysis 
based on importance sampling or the presence of a large number of potential dependent 
variables makes the use of importance sampling impractical. 

The primary focus of the EPA standard for the geologic disposal of radioactive 
waste 11 is a CCDF for normalized radionuclide release to the accessible environment that 
is required to fall below the bound indicated in Fig. I. This CCDF is displaying the effect 
of stochastic uncertainty and is constructed from the probabilities pS; and the vectors CS; in 
Eq. (I). Further, as illustrated in Fig. 2, the presence of subjective uncertainty leads to a 
distribution of such CCDFs. Upon first encounter, many individuals feel that this standard 
is novel. However, the EPA standard is actually an example of the Farmer limit line 
approach to specifying acceptable risk23 and is conceptually equivalent to the large release 
safety goal proposed by the U.S. Nuclear Regulatory Commission.24, 2S 
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USING DATA AND INFORMATION TO FORM DISTRIBUTIONS OF MODEL 
PARAMETERS IN STOCHASTIC SIMULATIONS OF PERFORMANCE OF THE 
WASTE ISOLATION PILOT PLANT (WIPP) 

Martin S. Tierney! 

I Sandia National Laboratories, Albuquerque, NM 87185 

INTRODUCTION 

Before disposing of transuranic radioactive waste at the Waste Isolation Pilot Plant 
(WIPP), the U.S. Department of Energy (DOE) must evaluate compliance with long-term 
regulations of the U.S. Environmental Protection Agency (EPA), specifically the 
Environmental Standards for the Management and Disposal of Spent Nuclear Fuel, High­
Level and Transuranic radioactive Wastes ( 40 CFR 191 ) , and the Hazardous and Solid 
Waste Amendments to the Resource Conservation and Recovery Act (RCRA). Sandia 
National Laboratories (SNL) is conducting iterative performance assessments (P As) of the 
WIPP for the DOE to provide interim guidance and to comply with the requirements of the 
Land Withdrawal Act (PL-I 02-579), which reinstated the major part of 40 CFR 191 for the 
WIPP as first promulgated in 1985. These PAs take the form of stochastic simulations of 
possible long-term behavior of the WlPP system using computer-implemented 
mathematical models of that system ( consequence models). Uncertainties in long-term 
system behavior are studied by propagating uncertanties in consequence-model parameters 
through a calculation using Monte Carlo methods. Models that assign probabilities to 
ranges of the consequence-model parameters are here called probability models. 

This paper describes methods used to form distributions of uncertain model 
parameters that appear in the system of linked computer codes developed to perform the 
consequence calculations (Marietta et al., these Proceedings) within the overall 
methodology f9r stochastic simulation of the WIPP (Helton et al., these Proceedings). 

THE WIPP PARAMETER SET 

As suggested by the scheme of Granger Morgan et al., 1 the types of quantities 
appearing as elements of the WJPP parameter set can be classified in seven categories: 
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I. Model constants, for example, precisely known constants such as Planck's constant ; 
6.6256 X J0-27 erg S, Or7t ~ 3.)4)59. 

2. Model-domain parameters, for example, coordinates of nodes on spatial and temporal 
grids; locations and dimensions of engineered fearures of the system. 

3. Model-<:onrrol parameters, for example, any parameter set by the user to control ~g 
and accuracy of computations: number of dynamic time steps, numbers giving 
convergence criteria, cutoff values for certain dependent variables. 

4. Material-property parameters. Parameters specifying magnitudes of physical or 
chemical properties of materials that occupy cells of a spatial grid or parts of system 
features; this category may also include initial and boundary conditions on submode! 
dependent v~les. Examples are shown in Table 1. 

5. Event-and-process parameters. 1bis category is the time-domain counterpart of 
material-property parameters; it includes the number of external events of a given kind 
that act upon the system during a given interval on the time grid (e.g., the number of 
exploratory boreholes that penetrate a waste disposal compartment between 2000 and 
3000 yr after closure) and the intensities of external processes that affect the system 
during each interval of the time grid ( e.g., mean precipitation and temperature as 
functions of time in a region under changed climatic conditions). See Table 2 for 

examples. 

6. Indices for alternative models. There are several acceptable submodels of phenomenon 
relevant to WIPP performance that nevertheless may differ in their influence on results 
of a calculation with the total-system model; to test this influence, alternatives are 
numbered, runs are made incorporating each alternative in the total-system model, and 
results are compared. 

Table 1, Some uncertain material-property parameters of consequence models used in 
1991 WIPP PA exercises (adopted from Tables 6.0-1 and 6.0-2 of Ref. 5). 

Material Properties 

Halite within Salado Formation Undisturbed permeability and pore ~ -

Anhydrite layers within Salado Fonnation Und.isrurbed permeability, porosity, pore pmsure; dlmhold 
displacement~-

Castile Formation brine lllitial press=; bulk resc:M>ir SIOl"a!ivity. 

Culcbra Dolomite Member of Rustler Longitudinal di5penivity; malli:x and fnlcture porosity; 
Formation fracture spacing; matrix and fracture partition coefficients 

for elements Am, Np, Pu, Th and U; trmsmissivity field (60 
equally likely realimions). 

Unmodified waste form Gas generation rates for corrosion and microbial action 
under inundated and humid cooditions; stoichiometric 
coefficients for corrosive and microbial action; solubilities 
for nuclide charge states Am3+, Np4+, NpS+, Pu4+, Pus+, 
n,4+, u4+; \)6+; Eh-pH conditions; volume fractions of 
metals/glass and combusttl>les: initial waste satuntion. 
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Table 2. Some event-and-process and probability-model parameters used in 1991 WIPP 
PA exercises (adopted from Table 6.0-3 of Ref. 5). 

Event-and-Process Parameters: 

I. Intrusion borehole diameter 
2. Intrusion borehole permeability 
3. Recharge amplitude filctor under clima!C change 
4. Area of pressurized brine reservoir underlying WIPP site 

Probability-Model pannneter: 

S. Rate constant in Poisson Drilling Model 

7. Probability-mode/ parameters, for example, means, variances and correlation 
coefficients in analytic probability distributions for values of material-property 
parameters; mean rates of occUJTence of events of a given kind (appearing in probability 
distributions for event-and-process parameters); weights assigned to the indices of 
alternative forms of a submode!. See Table 2 for an example. 

The cUJTent data '1ase for WIPP model ,parameters2 bas entries for more than 200 
parameters in categories 5, 6 and 7. Almost all of these parameters are uncenain (i.e., they · 
cannot be assigned a single, precise value) because (a) measurements of quantities from 
which the parameter can be calculated are absent or too few in number to form a precise 
estimate of the parameter using classical methods of statistics; or (b) the parameter 
quantifies some aspect of a hypothetical event, process, or natural feature that is believed to 
influence the performance of the WIPP system (e.g., the number of inadvertently drilled 
boreholes that penetrate the WIPP repository in the I 0,000-yr period following closure). 
Uncertainty in a parameter is quantified in the time-honored fashion by defining a 
probability distribution on the natural range of parameter values. Although all of the 200+ 
model parameters have been assigned probability distributions, sensitivity and uncertainty 
studies with WIPP modeJs3,4 have to date investigated effects of parametric uncertainty 
arising from the "sampling" of only about 70 distinct parameters. 

FORMATION OF DISTRIBUTIONS 

In the WIPP PA, formation of a cumulative distribution function (CDF) for an 
uncertain parameter may employ either empirical data or subjective judgments of experts, 
or a mix of the two kinds of information; in addition, considerable judgment on the part of 
PA analysts is required to ensure that parameter distributions are relevant to the spatial and 
temporal scales implicit in the numerical consequence models. 

Techniques for constructing CDFs for uncertain model parameters fall roughly into 
three classes: (1) direct use of data to construct an empirical CDF; (2) finding the analytic 
distribution that best fits available data (e.g., through use of the Kolmogorov-Smimov test 
or the chi-squared test), and (3) Bayesian techniques that combine available data and expert 
judgment to form prior and posterior CDFs.6 Class 3 includes all subjective procedures 
that rely entirely upon expert judgment to assign a shape to the distribution. The amount of 
subjective judgment required by these techniques increases from class I to 3; the "best" 
technique to be used in a particular situation depends strongly upon the kinds and amounts 
of empirical data and subjective information that are available concerning the parameter. 
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Figure I. Distribution of historical drill bit diameters (Figure 4.2-7, Ref. 5) 

Construction of empirical CDFs using available empirical data is appropriate if the 
parameter is intrinsically discrete (e.g., Figure I) or when there are many data points for an 
intrinsically continuous quantity and that quantity can be related to the parameter by a 
deterministic, continuous function. The advantage of this technique lies in the fact that the 
empirical CDF is an unbiased estimator of the population's true CDF; 7 its disadvantages are 
that the empirical CDF may not capture probabilities of extreme values at the tails of the 
distribution, and-for continuous parameters and few data points-die empirical CDF may 
be too coarse to permit a representative, uniform set of sample values of the parameter to be 
drawn. The latter disadvantage may in part be offset by joining the vertices of the 
piecewise constant empirical CDF with straight lines (e.g., Figure 2), a procedure that is 
computationally simple and is justified by the Maximum Entropy Principle.! 
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Figure 2. Distribution of tonuosity of Culebra maaix (Figure 2.6-15, Ref. 5) 
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' Figur• 3. Typical comparison between prtdicted and exptrimeotaJ CDF for 1he paramet<r, ts, at T • 300 K 
and t.o • 10 MPa. (Example of use of Kolmogorov-Smimov Test IO fit a distribution lllceo from Ref. 9.) 

The two standard techniques for testing whether a data set is consistent with a 
proposed analytic distribution (i.e., normal, lognormal, beta distributions, etc.) are the chi­
squared test and the Kolmogorov-Smimov test. The use of either technique is seldom 
mentioned in published performance assessments, perhaps because of the sparse data sets 
so characteristic of measured quantities in the earth sciences or because these tests require 
lengthy calculations with the data before a distribution is chosen. In connection with PA 
for the WJPP Project, Pfeifle et al.,9 have used the Kolmogorov-Smimov test to find 
analytic distributions that are consistent with their measurements of certain constants ( e.g., 
Figure 3) appearing in a mathematical model of salt creep. 

WJPP PA analysts have been compelled to adopt techniques from class 3 (Bayesian 
and subjective techniques) to construct distributions for most of the uncertain parameters 
appearing in their consequence models. 5 Because of the expense and time required to 
make .and interpret measurements of earth-science quantities, the process of constructing 
CDFs for WJPP consequence model parameters has largely bypassed classical techniques 
of Bayesian estimation and has instead relied heavily on purely subjective judgments of 
scientific specialists. The elicitation of the judgment of specialists can be either an 
informal process involving only a few responsible investigators (Figure 4), or a formal 
process involving many experts and rigid controls. IO Examples of distributions obtained 
by informal and formal elicitations are shown respectively in Figures 5 and 6. 
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MODELING SYSTEM USED FOR THE 
PERFORMANCE ASSESSMENT FOR THE 
WASTE ISOLATION PILOT PLANT (WIPP) 

M.G. Marietta*, J.C. Helton,••, and M.S. Tierney* 

* Sandia National Laboratories, Albuquerque, NM 87185 
** Arizona State University, Tempe, AZ 85287 

INTRODUCTION 

Before disposing of transuranic radioactive waste at the Waste Isolation Pilot Plant 
(WIPP), the United States Department of Energy (DOE) must evaluate compliance with 
Jong-term regulations of the United States Environmental Protection Agency (EPA), spe­
cifically the Environmental Standards for the Management and Disposal of Spent Nuclear 
Fuel, High-Level and Transuranic Radioactive Wastes (40 CFR 191) (EPA, 1985), and the 
Hazardous and Solid Waste Amendments to the Resource Conservation and Recovery Act 
(RCRA, 1976). Sandia National Laboratories (SNL) is conducting iterative performance 
assessments (PAs) of the WIPP for the DOE to provide interim guidance and to comply 
with the requirements of the Land Withdrawal Act (\\11PP L WA, 1992), which reinstated 
the major part of 40 CFR 191 for the WIPP as first promulgated in 1985. An additional, 
non-regulatory objective, which has been requested by the DOE and the National Academy 
of Sciences WIPP Panel, is to evaluate the Jong-term safety of the WIPP. 

This paper describes the PA system of linked computer codes that has been devel­
oped to perform consequence calculations within the probabilistic system assessment 
methodology for the WIPP. The methodology is described by Helton in these Proceedings. 
Data and cumulative distribution· functions (CDFs) are described by Tierney in these 
Proceedings. 

CONSEQUENCE MODELING SYSTEM FOR 1992 

Consequence modeling for the WIPP performance assessment uses a linked system 
of, computational models to describe the disposal system and a Monte Carlo technique that 
relies on multiple simulations using sampled values for selected input parameters to quan­
tify uncertainty in the performance estimate. A full analysis includes selecting imprecisely 
known parameters to be .sampled, constructing distributions for each of these parameters 
incorporating available data and subjective ·information (Tierney, 1994, in these Proceed­
ings), generating a sample from these variables, and calculating consequences for each 
sample element. Consideration of alternative conceptual models, which may require 
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different input parameters and perhaps different computational models, at present is . 
included by repeating the full analysis for each conceptual model to assess uncertainty 
among alternative models. Results for preliminary comparison with 40 CFR 191, Subpart 
B, are usually displayed in tenns of complementary cumulative distribution functions 
(CCDFs), which are plots of exceedance probability versus consequence. The consequence 
measure for § 191. 13 is the EPA nonnalized sum. Construction of CCDFs is discussed by 
Helton, 1994, in these Proceedings. 

Uncertainty and sensitivity analyses use a Latin hypercube sampling technique fol­
lowed by stepwise rank regression analysis (Iman and Helwn. 1985; Helton et al, 1991, 
1992). In other sensitivity analyses for alternative conceptual models, specific parameter 
groups are assigned fixed values corresponding to extreme and median values, and all other 
parameters in the database are sampled probabilistically over the full range of possible 
values. A parameter or group of parameters is thus tested ceieris paribus (all other things 
being equal) within a Monte Carlo simulation (Helton et al., 1991). To compare with the 
40 CFR 191 for each conceptual model, results are assembled into CCDF plots of prob­
ability versus I 0,000-year nonnalized cumulative radionuclide release, as recommended in 
the guidance to 40 CFR 19 I. The technique isolates effects of variations in parameter 
groups (used to represent alternative conceptual models) on predicted perfonnance. Priori­
ties can then be suggested for future modeling and experimental research. 

COMPUTATIONAL MODELS 

Major computer programs (codes) used in the computational models for the 1992 
preliminary performance assessment (Table I and Figure J) are described in detail in 
Sandia WIPP Performance Assessment Department, 1992. They reflect improvements in 
the conceptual and numerical models used in three previous performance assessments 
(Marietta et al., 1989; Bertram-Howery et al ., 1990; and WIPP PA Division, 1991), and 
permit the replacement of simplifying assumptions with more realistic models. Three of 

the most significant improvements in 1992 are discussed here. 
The 1992 calculations mark the first time the effects of salt creep were explicitly 

included in performance assessments. Salt will defonn over time by creep in response to a 
pressure gradient, and; if the repository remained at atmospheric pressure, lithostatic 
stresses would cause it to close almost completely within JOO years (Tyler et al., 1988; 
Munson et al., 1989a,b). Gas will be generated within the repository by degradation of the 
waste, however, and pressure within the repository will rise to elev;ited levels that will 
retard complete creep closure and may perhaps partially reverse the process. In 1991, no 
model was available to describe the coupled interaction of creep closure and gas pressuri­
zation, and the performance-assessment calculations used a simplifying assumption that 
porosity within the disposal region would remain constant through time. As discussed in 
detail in WIPP PA Department, 1992, the 1992 calculations use output from the geome­
cbanical code SANCHO (Stone et al., 1985) to define the porosity of the waste as a 
function of pressure. Although. this method does not represent a full coupling of creep 
closure and gas generation, the modeling improvement allows the performance assessment 
to evaluate the importance of changing void volume in the repository. 

The method used to incorporate spatial variability in the transmissivity· field in the 
Culebra was modified significantly from that used in J 991. The Perfonnance Assessment 
Department now uses an automated inverse approach to calibrate a two-dimensional model 
to both steady-state and transient pressure data generating multiple realizations of the 
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Table I. Summary of Computer Models Used in the 1992 WIPP Performance Assessment 10 Calculate 

Scenario Consequences 

Model 

BRAGFLO 

CCDFPERM 

CUTTINGS 

GENII-S 

GRASP-fNV 

PANEL 

SECO_FLOW 

SECO _ TRANSPORT 

SANCHO 

Description 

Describes the muhiphase flow of gas and brine through a porous, 
heterogeneous reservoir. BRAGFLO solves simultaneously !he coupled 
partial different equations that describe !he mass conservation of gas and brine 
along with appropriate constraint equations, initial conditions, and boundary 
conditions. Additional information: WIPP PA Department, 1992. 

Constructs probabilities and consequences for various computational 
scenarios associated with human intrusion by exploratory drilling. Also 
constructs CCDFs. Additional information: WlPP PA Department, 1992: 
Helton and Iuzz.olino, 1993. 

Calculates the quantity of radioactive material brought to the surface in 
cunings and cavings generated by an exploratory borehole that penetrates a 
waste panel. Additional information: Berglund, 1992. 

Estimates potential radiation doses to hwnans from radionuclides in !he 
environment Additional infonnation: Leigh et al., 1993. 

Generates transmissivity fields (estimates oftransmissivity values) 
conditioned on measured transmissivity values and calibrated to steady-state 
and transient pressure data al well locations using an adjoint sensitivity and 
pilot-point technique. Additional infonnation: La Venue and RamaRao, 
1992. 

Calculates rate of discharge and cumulative discharge of radionuclides from a 
repository panel through an intrusion borehole. Discharge is a function of 
fluid flow rate, elemental solubility, and radionuclide inventory. Additional 
information: WIPP PA Division, 1991, Section 5.3. 

Calculates single-phase Darcy flow for groundwater-flow problems in two 
dimensions. The fonnulation is based on a single partial different ial equation 
for hydraulic bead using fully implicit time differencing. Additional 
information: WIPP PA Department, 1992; Roache, 1992. 

Simulates fluid flow and transport of radionuclides in fractured porous media. 
Additional infonnation: WIPP PA Department, 1992; Roache, 1992. 

Solves quasistatic large deformation, inelastic response of two-d imensional 
solids with finite-element techniques. Used in the 1992 performance 
assessment to determine porosity of the waste as a function of time and 
cumulative gas generation. Additional infonnation: WIPP PA Department, 
1992; Stone et al., 1985. 
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CCOFPERM (Intrusion Probabilil)VCCOF Cons1ruetion) 
CUTTINGS (ReleaseolCuningslO Withdrawal Well 

A«>essillle Environment) 
Release to 
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GENll·S o-
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(Radionuclide Concentration) 1 
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Environment : 

Figure I. Major codes used in the 1992 performance assessment. 

transmissivity field (La Venue and RamaRao; 1992). Seventy equally probable, calibrated 
fields were sampled for use in the 1992 performance assessment. 

Radionuclide transport in the Culebra, which had been simulated using ST AFF2D 
(Huyakom et al., 1991) in the 1991 performance assessment, is now simulated by the 
SECO_TP code. SECO_TP is a dual-porosity model in which advective transport is 
allowed only in fractures, and diffusion of solute occurs into the rock matrix surrounding 
the fracrure. The fracrure system for the 1992 simulation is idealized as planar and parallel, 
and each fracture wall may be coated with a layer of clay of both uniform thickness and 
porosity. The model is capable of simulating both physical retardation by diffusion and 
chemical retardation by sorption in both clay fracture-linings and dolomite matrix. 

IMPROVEMENTS FOR NEXT PERFORMANCE ASSESSMENT ITERATION 

Several significant improvements remain to be made in the performance-assessment 
modeling system, including the following. First, the model used in 1992 for groundwater 
flow in the Culebra does not include possible effects of subsidence related to potash mining 
or a representation of recharge that includes present or future vertical groundwater flow 
within the Rustler Formation (leakage). A three-dimensional version of SECO _FLOW/ 
SECO_TRANSPORT is being used to assess the importance of these subsidence effects as 
well as the importance of other past modeling assumptions. Second, the model used to 
represent the response of the repository and the surrounding strata to the generation of gas 
by. waste degradation does not include effects of possible pressure-dependent fracturing of 
anhydrite layers within the Salado Formation. A submode! to capture the effects of possi­
ble anhydrite fracturing has been included in BRAGFLO. In addition, a new mechanistic, 
gas-generation model is presently being developed to evaluate the adequacy of the simple 
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stoichiometric formulation presently in BRAGFLO. Finally, the cuttings model has been 
modified to estimate the possible spalling of borehole-wall waste material into the intrusion 
hole when the drill bit penetrates a gas-pressurized repository. The releases resulting from 

· such spallation will be included as direct releases to the surface. 
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REGULATORY AND INSTITUTIONAL CONSIDERATIONS 
IN PERFORMANCE ASSESSMENT FOR THE 
WASTE ISOLATION PILOT PLANT (WIPP) 

D.R. Anderson, and M.G. Marietta 

Sandia National Laboratories, Albuquerque, NM 87185 

INTRODUCTION 

Before disposing of transuranic radioactive waste at the Waste Isolation Pilot Plant 
(WIPP), the United States Department of Energy (DOE) must evaluate compliance with 
long-term regulations of the United States Environmental Protection Agency (EPA), spe­
cifically the Environmental Standards for the Management and Disposal of Spent Nuclear 
Fuel, High-Level and Transuranic Radioactive Wastes (40 CFR 191) (EPA, 1985), and the 
Hazardous and Solid Waste Amendments to the Resource Conservation and Recovery Act 
(RCRA, 1976). Sandia National Laboratories (SNL) is conducting iterative performance 
assessments (PAs) of the WIPP for the DOE to provide interim guidance and to comply 
with the requirements of the Land Withdrawal Act (WIPP L WA, 1992), which reinstated 
the major pan of 40 CFR 191 for the WIPP as first promulgated in 1985. An additional, 
non-regulatory objective, which has been requested by the DOE and the National Academy 
of Sciences WIPP Panel, is to evaluate the long-term safety of the WIPP. 

This paper (I) provides background information on the regulation, (2) describes the 
approach, adopted by the WIPP PA, for building a consistent and defensible technical and 
modeling basis for the certification application, (3) presents ex!!Illple system performance 
measure results for 40 CFR 191, 40 CFR 268.6, and safety based on the WIPP PA (Helton, 
1994, these Proceedings), data and information available (Tierney, 1994, these Proceed­
ings), and models used (Marietta et al., 1994, these Proceedings), (4) identifies important 
issues to be resolved by the regulatory and applicant during the iterative (biennial) PA 
review process required by the Land Withdrawal Act, and (5) discusses institutional issues 
concerned with communication of a complex PA to various review groups, the regulator, 

and the public. 

REGULATORY CRITERIA FOR THE WIPP 

The EPA regulations applicable to the long-term performance of the WIPP include 
Subpart B of 40 CFR 191, promulgated in 1985 but remanded to the EPA in 1987 for re­
consideration, and the regulations implementing the Resource, Conservation. and Recovery 
Act (RCRA, 1976). The Council on Environmental Quality promulgated the regulations 
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for implementing the National Environmemal Policy Act (NEPA) (NEPA, 1970, as 
amended; EPA, 1978); however, the EPA has the responsibility for reviewil\g and publicly 
commenting on potential environmental impacts of major federal actions. Additional re­
quirements are specified in the WIP P Land Withdrawal Act (WIPP L WA, 1992). 

Radioactive-Waste Disposal Standards (40 CFR 191) 

The radioactive-waste disposal standards, 40 CFR Pan 19 I-Environmental Stan­
dards for the Management and Disposal of Spe,u Nuclear Fuel, High-Level and 
Tra_11.suranic Radioactive Waste (EPA, 1985), are divided into two subparts. Subpart A 
applies to a disposal facility prior to decommissioning and limits annual radiation doses 
from waste management and storage operations to members of the public in the general 
environment. Subpart B applies after decommissioning and sets probabilistic limits on 
cumulative releases of radionuclides to the accessible environment for I 0,000 years. Sub­
part B also sets probabilistic limits on both radiation doses to members of the public in the 
accessible environment for I 000 years of undisturbed performance and radioactive con­
tamination of certain sources of groundwater within or near the controlled area for I 000 
years after disposal. The DOE must provide a reasonable expectation that the WIPP will 
comply with the quantitative requirements of Subpart B of 40 CFR I 91 . Appendix A of 40 
CFR I 91 specifies how to determine release limits; Appendix B of 40 CFR 19 I provides 
nonmandatory guidance for implementing Subpart B. 

Resource, Conservation, and Recovery Act (RCRA) 

The Resource, Conservation, and Recovery Act (RCRA) (RCRA, 1976) was 
enacted to provide management of hazardous wastes. The long-tenn regulations promul­
gated for implementing the RCRA, specifically 40 CFR 268 (EPA, 1986) for the WIPP, 
prohibit land disposal of specified hazardous wastes, including volatile organic compounds 
and heavy metals, unless the owner or operator of the facility petitions for a variance and 
successfully demonstrates "to a reasonable degree of certainty, that there will be no 
migration of hazardous constituents from the disposal unit or injection zone for as long as 
the wastes remain hazardous• or the waste is treated in accordance with applicable 
treatment standards ( 40 CFR 268.6(a), EPA, I 986). Guidance provided by the EPA on the 
interpretation of this wording indicates constituents below health-based or environmentally 
based levels at the disposal-unit boundary (EPA, I 992). 

National Environmental Policy Act (NEPA) 

The National Environmental Policy Act (NEPA) (NEPA, 1970, as amended) is 
enforced by regulations that are not specific regulatory guidelines, but contain a mandate 
for evaluating the environmental consequences of all significant aspects of a project (EPA, 
1978). The DOE has prepared several envirorunental impact statements (E)Ss) that have 
addressed the predicted experimental, operational, and long-term behavior of the repository 
(US DOE, 1979, I 980, I 990a). The potential health risks posed by estimated groundwater 
releases of the TRU radionuclides and by the direct removal of radionuclides to the surface 
as a result of drilling have been assessed in the NEPA documentation for the WIPP. 

The regulations that implement the NEPA do not specifically require calculating 
doses of radionuclides to members of the public. However, the WIPP Panel of the National 
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Academy of Sciences, a panel that reviews the scientific basis for the WIPP, has requested 
safety assessments that present dose calculations for I 0,000 years or peak arrival times of 
radionuclides, whichever OCClll'S first In accordance with the WIPP Panel's request, pre­
liminary probabilistic safety assessments in whlch doses have been calculated for hypo­
thetical exposure pathways arc part of the analyses that evaluate long-term performance of 
the WIPP. 

UNDISTURBED PERFORMANCE 

Analyses of undisturbed performance arc of interest for both the Individual Protec­
tion Requirements (§ 19 I. I 5) of 40 CFR 191 and 40 CFR 268.6. Brine migration is of in­
terest for ~O CFR 191 because of the potential for radionuclide transport in the liquid 
phase. Both gas and brine migration are of interest for 40 CFR 268.6 because of the poten­
tial for transport of regulated hazardous constituents in both gas and brine phases. How­
ever, preliminary results arc intended to provide interim guidance to the WIPP Project as it 
develops a compliance strategy for 40 CFR 268.6, and should not be used as the basis for 
regulatory decisions. The modeling system and data base remain incomplete, and one 
potentially important process, the pressure-dependent fractwing of anhydrite interbcds 
above and below the waste-emplacement region, ·was included in the 1992 PA. Further­
more, transport of radionuclides and heavy metals in brine and volatile organic compounds 
in gas was not modeled. Performance measures described to date apply only to the 
migration of the fluid phases and do not provide information about potential concentrations 
of contaminants within the fluids. If additional analyses of gas and brine migration 
continue to show a potential for gas migration beyond regulatory boundaries, evaluations of 
hazardous constituent concentrations using expanded databases and more detailed compu­
tational models would be performed. 

REQUIREMENTS OF 40 CFR 268.6 

The Land Disposal Restrictions (EPA, 1986) regulate disposal of specified haz­
ardous wastes. For the WIPP, hazardous constituents mixed with the radioactive trans­
uranic waste can include solids such as lead and other heavy metals, and scmivolatile and 
volatile organic compounds (VOCs) as residual liquids sorbed on waste materials or as 
gases associated with the waste in waste containers. A detailed inventory of the 40 CFR 
268 contaminants anticipated for the WIPP is not available at this time, but a preliminary 
list of anticipated hazardous constituents were documented in the Waste Isolation Pilot 
Plant No-Migration Variance Petition (US DOE, 1990b). The Environmental Protection 
Agency (EPA) subsequently issued the Conditional No-Migration Determination for the 
Department of Energy Waste Isolation Pilot Plant (WIPP), whlch mandated waste charac­
terization requirements for the WIPP Test Phase and recommended waste characterization 
data needs ill support of any long-term pcrfonmnce assessment. 

In general, 40 CFR 268 prohibits the disposal of hazardous wastes unless the owner 
or operator of the facility petitions for a variance and successfully demonstrates "to a rea­
sonable degree of certainty, that there will be no migration of hazardous constituents from 
the disposal unit or injection zone for as long as the wastes remain hazardous" or the waste 
is treated in accordance with applicable standards (40 CFR 268.6 (a), EPA, 1986). General 
guidance provided by the EPA on the interpretation of this wording indicates that "no 
migration" will be defined to be concentrations of hazardous constituents below health-
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based or environmentally based levels at the disposal-unit boundary (EPA, I 992). 
Following guidance from the EPA (EPA, 1990, p. 13073), the SNL WIPP PA Department 
has assumed for the purposes of these analyses that the length of the regulatory period is 
10,000 yr. 

The 40 CFR 268 Disposal Unit 

The "disposal unit" for the WIPP as applied to 40 CFR 268.6 (RCRA, 1976) is 
defined to include the entire volume of the Salado Formation from top to bottom within the 
41 km2 (16 mil) WIPP land-withdrawal area (DOE, 1990c). The SNL WIPP PA Depart­
ment as·swnes for the purpose of PA modeling that the disposal-unit boundaries will remain 
unchanged for long-term performance. The RCRA disposal unit contains a smaller volume 
than that contained within the boundary of the accessible environment used in preliminary 
comparisons with 40 CFR 191, Subpan B. As is the case for radionuclides regulated under 
40 CFR I 91 , migration of hazardous constituents is allowed into the Salado Formation 
within the land-withdrawal area. Unlike the requirements of 40 CFR 191, however, migra· 
tion of hazardous constituents into the Rustler Formation and other overlying strata within 
the land-withdrawal area could constitute a potential violation if they exceed concentration 
limits. 

Human Intrusion and 40 CFR 268.6 

The extent to which estimates of the consequences of human intrusion will be 
required for long-term compliance evaluations has not been determined. The EPA has 
determined that human intrusion need not be considered for the Test Phase, and describes it 
as a long-term issue to "be addressed at the time a petition is considered for permanent 
disposal" (EPA, I 990, p. 4 7720). Consideration of inadvertent human intrusion is required 
for compliance v.ith 40 CFR 191, Subpart B, and analyses of the consequences of intrusion 
during exploratory drilling for hydrocarbons are performed. 

PA METHODOLOGY 

Analyses have been performed using the Monte Carlo methodology (Helton, 1994, 
these Proceedings) and modeling system (Marietta et al., I 994, these Proceedings) de­
scribed in detail in WIPP PA Department, 1992. In keeping with the requirement in 40 
CFR 191.13 for probabilistic estima!es of performance and a consideration of uncertainty 
in the results, this methodology relies on multiple realizations using deterministic models 
of physical processes and a Latin hypercube sampling (LHS) strategy to incotpOrate uncer­
tainty for input parameters. Values for selected parameters are described by a range and 
distribution based-on available data (Tierney, 1994, these Proceedings), and each simula­
tion uses a separate input vector of sampled values drawn from the assigned distributions. 
The methodology is well suited for conducting wicertainty and sensitivity analyses that 
provide quantitative and qualitative insights about the potential variability in model results 
caused by uncertainty in specific input data (Helton et al., 1991, 1992; Helton, 1993). 
Sensitivity analysis techniques and methods for displaying their results have been 
summarized by Helton et al. (1991). Scatterplots and stepv.,jse linear regression analyses 

. are used in this volume to evaluate model sensitivity to wicertainty in sampled parameters. 
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DISCUSSION OF THE 1992 PRELlMINARY COMPARISON WITH THE 
CONT AlNMENT REQUIREMENTS 

Results presented in WIPP PA Department, 1992 are consistent with the conclusion 
made in previous preliminary comparisons that performance estimates for the WIPP lie 
below the limits set by the Containment Requirements (Bertram-Howery ct al., 1990; 
WIPP PA Division, 1991 ). As illustrated in Figure l, consideration of alternative models 
for the probability of human intrusion and radionuclide tralisport in the Culebra provides 
insight into the relative impacts on performance of specific components of the natural 
barrier system and institutional controls at the WIPP. 

The uppermost CCDF in Figure l, labeled "Total, Single Porosity + Cuttings, i.Q" 
and calculated using the single-porosity and constant ).. models, represents an estimate of 
the performance of the disposal system with very little contribution from the natural barrier 
provided by retardation in the Culebra and no contribution from the potential institutional 
barrier that could be provided by passive markers, as required by the Assurance Require­
ments. For the modeling system and data base used in 1992, the mcanJ::CDF for this case 
lies below the EPA limits. · 

The segments of a CCDF shown with a dotted line and labeled "Total, Discharge 
from Borehole + Cuttings, AO" display performance with no contribution whatsoever from 
retardation in the Culebra. lbis CCDF is unlike the others in that releases are not 
calculated at the accessible environment, and therefore is not suitable for comparisons, 
preliminary or otherwise, with the Containment Requirements. The curve displays releases 
directly into the Culebra (with cuttings also included) from boreholes occurring at I 000 
years, and therefore provides an estimate of total releases if subsurface transport to the 
accessible environment were instantaneous and complete. The curve shows repository per· 
formance estimated with contributions from only the natural barrier provided by the Salado 
Formation and the engineered barrier system. Instantaneous and complete transport in the 
Culebra is physically unrealistic, and this curve is displayed only for the purpose of com­
parison with the curve described in the previous paragraph, which was calculated using the 
single-porosity and constant 1.. models. The two cures arc identical for most of their 
lengths. The differences between the curves are caused by radioactive _decay during trans­
port, and rapid transport in the single-porosity transport model in effect allows all 
sufficiently Jong-lived radionuclidcs that enter the Culebra to be released to the a=ssible 
environment within the 9000 years following intrusion. 

The CCDF in Figure 1 labeled "Total, D1ia1 Porosity + Cuttings, l<d-0, i.Q," 
represents an estimate of the performance of the disposal. system if physical retardation by 
diffusion into the pore volume of the Culcbra is included as a part of the natural barrier 
system. The area between the first and second CCDFs is a measure of the potential 
regulatory impact of including physical r:ctardation. Similarly, the next CCDF in Figure J, 
calculated using the dual-porosity, i<d..0, and constant 1.. models, represents an estimate of 
the performance of the disposal system if both physical and chemical retardation in the 
Culebra are included in the natural barrier system. The location of this third curve is deter­
mined entirely by cuttings releases. 
The final CCDF in Figure I, calculated using the dual-porosity, i<d..0, and time-dependent 
1.. models, shows the effect of including expert judgment on the efficacy of passive markers 
in reducing the probability of hwnan intrusion. This final CCDF, also determined entirely 
by cunings releases, was calculated using what the WIPP Performance Assessment 
Department believes at this time to be the most realistic conceptual model for the disposal 
system, based on models and data available in 1992. As indicated previously, results are 
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preliminary, and none of the CW'Ves shown in Figure I are believed sufficiently defensible 
for use in a final compliance evaluation. 

GAS FLOW BEHAVIOR 

Gas may flow in the anhydrite layers beyond lb~ disposal-unit boundaries in some 
realizations. Significant volumes of au (i.e., grater than one ml) flow past 1be southern 
disposal-unit boundary in Market Bed (MB)· 139, anhydrite a + b, and in MBl38, 
respectively. The maximum ps flow pest a boundary occurs in MB138, wilb 1.7 x 106 · 
ml of gas (at reference conditions). All gu is us,rmed to have 1be physical properties of 
hydrogen. Because the viscosity of hydrogen is lower than 1bat of other pses likely to be 
pr=nt or produced in lbe waste (C01, CH., Ni). this assumption should result in greater 
and more extensive ps flows than if other pses w= used. The cumulative ps flows up 
through lbe shaft -1 are small c:ompued with lbe flows out the anhydrite layers. where 
the maxima are more than III onler of magnitude·bi&ber, 

SAFETY ASSESSMENT 

Comparisons of mean doses (SO.year committed effective dose equivalents 
(CEDEs]) due to different hypothetical pathways resulted in a critical palbway comprised 
of an EIE2·type inttusion (Helton, 1994, these Procttdirtgs), subsurface ttansport 
through the Culebra to a stoclc well, and then a stockpond-to-cow-to-human exposure 
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pathway for a typical local rancher. The maximum value for the SO.year CEDE for the 
critical pathway is 0.01 mmn. 

A comparison of the risk of health effects can be made with International 
Conunission on Radiological Protection (ICRP) reconunendations by assuming a proba­
bility of Sxto-4 health effects per rem and a scenario probability of 10-2 (Benram­
Howcry ct al., 1990). Doses are summed over all radionuclidcs and all exposure 
pathways for releases from a SIO<:lcpond. Risk is estimated IO be Jess than I o-9. Risk, in 
tmns of health effects to a typical individual of the critical group for hypothetical WIPP 
pathways, is orders of magnirude less than the ICRP-rccommcnded risk limit and other 
nations' target risk criteria for deep-geologic nuclear waste repositories. 
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1HE DYNAMIC FLOWGRAPH METHODOLOGY: A METHODOLOGY FOR 
ASS'E&SING EMBEDDED SYSTEM SOFIWARE SAFETY 

Chris Garrett, Michael Yau, Sergio Gu8Iro and George Apostolakis 

Mechanical, Aeroopace and Nuclear Engineering Dept. 
University of California, Los Angeles, CA 90024-1597 

INIRODUCTION 

Embedded systems are systems in which the functions of mechanical and physical 
devices are controlled and managed by dedicated digital processors and computers. These 
latter devices, in turn, execute software routines (often of considerable complexity) to 
implement specific control functions and strategies. Embedded systems have gained a 
pervasive presence in all types of applications, from the defense and aeroopace to the 
medical, manufacturing, and energy fields. The advantage of using embedded systems is 
that very· sophisticated and complex logic can be executed by relatively inexpensive 
microprocessors loaded with the appropriate software instructions. The originally 
implemented logic can also be modified at any point in the life of the system it is designed 
to control by uploading new software instructions. Due to this flexibility, embedded 
systems are being used increasingly in a number of safety critical applications. 

While the cost-effectiveness and flexibility of embedded systems are almost universally 
recogniz.ed and accepted, it is also increasingly recogniz.ed that the task of providing high 
assurance of the dependability and safety of embedded system sofuvare is becoming quite 
difficult to accomplish, due precisely to its very complex and flexible nature. Software, 
unlike hard\';are, is unique in that its only failure modes are the result of design flaws as 
opposed to any kind of physical mechanisms such as aging1

•
3
• As a result, traditional safety 

assessment techniques, which have tended to focus upon physical component failures rather 
than system design faults, have been unable to close the widening gap between the 
extraordinarily powerful capabilities of modem software systems and the levels of reliability 
which we are capable of exacting from them. 

The Dynamic Flowgraph Methodology (DFM) is a methodology for analyzing and 
testing embedded system software dependability'. It has two fundamental goals: 1) to 
identify how certain postulated events may occur in a system; and 2) to identify an 
appropriate testing strategy based on an analysis of system functional behavior. System 
models which express the logic of the system in terms of causal relationships between 
physical variables and temporal characteristics of the execution of software modules are 
analyzed to determine bow a certain state (desirable or undesirable) can be reached. This 
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is done by developing timed fault trees which take the form of logical combinations of 
static trees relating the system parameters at different points in time. The resulting 
information concerning the hardware and sofuvare states that can lead to certain events of 
interest can then be used to identify those sofuvare execution paths and associated hardware 
and environmental conditions which are potentially capable of leading to serious failures 
in the implemented system. The verification effort can then be focused specifically on 
these safety critical features of the system to ensure that such failures cannot be realized. 
This paper illustrates DFM by applying it to the problem of modeling and analyzing the 
Titan 11 Space Launch Vehicle (SL V) Digital Flight Control System (DFCS). 

BASIC FEATURES OF DFM 

The application of DFM is a two-step process, as follows: 
Step 1: Build a model of the embedded system being analyz.ed. 
Step 2: Analyze the model to produce f.ault ( or success) trees which relate the 

events, in both the physical system and the software, which can combine to 
cause system failures, including the time sequences in which they occur, and 
identify system failure (success) modes in the sofuvare and associated 
hardware as prime implicants of the timed fault (success) trees. 

The first step consists of building a model that expresses the logical and dynamic 
behavior of the system in terms of its physical and sofuvare variables. The second step 
uses the model developed in the first step to build timed fault ( or success) trees that 
identify logical combinations of hardware and sofuvare conditions that cause certain specific 
system states of interest, and the time sequences in which these conditions come about. 
These system states can be desirable or undesirable, depending on the objective of the · 
analysis. This is accomplished by back.tracking through the DFM model of the embedded 
system in a systematic, specified manner. The information contained in the fault trees 
concerning the hardware and sofuvare conditions that can lead to system states of interest 
can be used to uncover undesirable or unanticipated softwareiharchvare interactions, thereby 
allowing improvement of the system design by eliminating unsafe sofuvare execution paths, 
and to guide functional testing to focus on a particular domain of inputs and system 
conditions. 

DFM models take the form of directed graphs, with relations of causality and 
conditional switching actions represented by arcs that connect network nodes and .. special 
operators. The nodes represent important process variables and parameters, while the 
operators represent the different types of possible causal or sequential interactions among 
them. DFMs usefulness as a tool for the analysis of embedded systems derives from its 
direct and intuitive applicability to the modeling of causality driven processes. DFM 
models provide, with certain limitations, a complete representation of the way a system of 
interconnected and interacting components and parameters is supposed to work and how 
this working order can be compromised by failures and/or abnormal conditions and 
interactions. 

The application ofDFM to a simple hardware system is illustrated in Fig. 1, where a 
valve is used to control a downstream flowrate. In Fig. l(a), a piping and instrumentation 
diagram (l>&ID) is drawn to describe the functional layout of the system, its components, 
and other elements of basic engineering data regarding the process. Other important 
attributes, most notably the ones linked to operational logic and control modes as well as 
the analyst's O\.\on understanding of the system, while not directly contained nor implicitly 
expressed in the P&ID, are nevertheless represented in the DFM model of the system (Fig. 
l(b)). The DFMmodel is built with physical parameters UP, F, FM, and VXas continuous 
variable nodes, where 
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Figure 1, IUUStration of DFM Modeling and Fault Analysis 

UP = Upstream pressure, 
F = Flow rate, 
FM = Flow rate measure, 
VX = Valve position at the present time, 

and SF and CF as discrete variable nodes, where: 
SF = Sensor state, 
CF = Control Function. 

; etc. 

The relationships between parameters are represented by gains in transfer boxes, which 
may be different for different conditions. Edges connect nodes through transfer boxes. An 
example of how relationships are represented in the DFM model is the direct proportionality 
relationship between nodes UP and F. This is represented by a "/" in the transfer box 
between the nodes. The two nodes are connected through the transfer box using directed 
edges (Fig. l(b)). According to the different degraded states of the flowrate sensor, SF, 
(the sensor may fail high, fail low, etc.) the relationship between the nodes F and FM may 
change. This is clearly shown in the model (Fig. l(b)). 

It should be noted that the results of a DFM analysis are obtained in the form of fault 
trees, which show how the investigated system/process states may occur. DFM thus shares, 
in the form of the results it provides, many of the features of fault tree analysis. The 
difference, however, is that it provides a documented model of the system's behavior and 
interactions, which fault tree analysis does not provide nor docwnent directly. The most 
important fearure of this methodology is that it is possible to produce, from a single DFM 
system model, a comprehensive set of fault trees that may be of interest for a given system. 
This is a most useful feature since, once a DFM model has been developed, it is not 
necessary to perform separate model constructions for each system state of interest ( as is 
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the case in fuult tree analysis). Because DFM modeling focuses on parameters, rather than 
components, it also offers greater modeling flexibility than fault tree analysis, although this 
flexibility goes along with proportionately more complex modeling rules and syntax. 

In Fig. l(c), the fault tree for the top event, "flow rate is high," is derived. By working 
backward through the DFM model starting from the flow rate node F, we can determine 
that the state, "flow rate F is high," is caused by either "upstream pressure UP is high" 
AND "the valve opening is nominal," OR "the valve is completely open." This infonnation 
is implicitly contained in the DFM input operator before the node F. Underlying this input 
operator is a decision table constructed by determining the stat.es of F from the 
combinations of the states of UP and VX. Thus, given a particular state of F, the 
infonnation organized in the decision table can be used in reverse to determine the 
combinations of UP and VX which cause this particular state of F. This infonnation is 
explicitly denoted in the resulting fault tree by connecting events with logical AND and OR 
gates. Backtracking then continues until basic events are reached. To the extent to which 
it would be applied for systems which do not depend significantly on software, DFM is 
functionally equivalent to the Logic Flowgraph Methodology (LFM), a tool for computer­
automated failure and diagnostic analysis. Details and examples concerning the application 
of LFM can be found in~. 

Modeling Dynamic Embedded System Behavior 

An important issue that needs to be addressed in the modeling and analysis of 
embedded systems is the dynamic nature of their behavior. For the purpose of modeling 
such behavior and representing its effects in the system fault trees, the execution of 
software is modeled as a series of discrete state transitions within the DFM model. The 
usefulness of this approach is that·it provides the ability to represent changes in the system 
logic at discrete points in time. This allows the development of fault trees which reflect 
static relationships between the variables at different points in time. 

Embedded system software is generally real-time control software which receives real­
time data from the physical part of the system and performs appropriate control actions on 
the basis of this data. The first step in modeling this type of software is to identify those 
portions of it which explicitly involve time dependencies such as interrupts and 
synchronization routines. The control flow among the above defined software 
"components" is then represented by a state transition network in which the execution of 
each particular software component is represented by a transition between states. 
Associated with each transition is a time \.\-hich represents the execution time of the 
software routine to \.\-hich it corresponds. The modeling of the data flow between the 
software components is completely analogous to the modeling of causality flow. 
Associated with each transition in the state transition network is a DFM transfer box which, 
instead of describing a one-to-one causal relationship between physical variables, describes, 
in general, several many-to-one mappings between the corresponding software component's 
inputs and outputs and any relevant global variables. 

The state transition network is then incorporated into the DFM model of the hardware 
system. The principal step in the integration of the soft:\.\-'llre and hardware portions of the 
model is the identification of all data that is exchanged between the software and the 
physical world, i.e., the identification of all of the software "images" of hardware 
parameters and physical variables. Corresponding parameters are then connected through 
a transfer box and an edge ,mich indicates the direction of infonnation flow. In almost all 
cases, an interface point is constituted either by a sensor that measures a physical parameter 
to be input to the software or an actuator which translates a software conunand into a 
physical movement. Thus, one has to include in the hardware portion of the model nodes 
representing both the measured physical parameter and the associated measurement, or the 
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software command and the actuator movement, respectively. The sensors and actuators 
themselves will be modeled as transfer fimctions normally representing direct 
proportionality but also contaihing conditional faulted mappings which represent different 
degraded states. The software portion of the model will begin with the measured value 
nodes which represent the images of physical parameters which are used as input to the 
software and end with the software commands which are output to the actuators. It is also 
important to note that, in addition to having a direct causal effect on the physical system 
via sensor measurements and actuator commands, software actions will, in general, also 
have an indirect effect on the physical system by conditionally changing the gains between 
physical variable nodes. This will occur whenever software controls the fimctions of 
physical devices such as pumps, valves, etc., and is modeled by edges connecting the 
relevant software variable nodes with the transfer boxes in question 

Fault trees are developed by an automated backtracking procedure which takes into 
account the timing effects introduced by the state transition network, resulting in trees 
which are time dependent. After a top event has been identified and translated in terms of 
the state(s) of one or more nodes of the system, backtracking proceeds until a transfer box 
is reached which is associated with a time transition (software module). Development of 
that branch of the tree is then suspended and the remaining branches are developed until 
they reach either a basic event or another time transition The result is a fault tree for the 
system at time t.,. Then, from the state transition netv,ork, the transition is found ""nich 
maps the system state from time t. to time t,,.i, i.e., the last transition to have occurred. 
From that transition's transfer box, the input values associated with that transition at time 
t,,.1 are found, and backtracking continues as before until, again, all branches end with either 
basic events or the outputs of other time transitions. This is the fault tree for time t,,.1• 
This process continues backward through successive transitions in the state transition 
network. The result is a series of linked, static fault trees. which represent the state of the 
system at different times and w!uch are linked through the inputs and outputs of time 
transitions (software module executions). The nature of the particular system dynamics 
being srudied will provide heuristic rules for determining how far back in time one should 
go before halting the procedure. 

MODELING THE TITAN n SLV DFCS wrm DFM 

The DFM model of the Titan Il SL V DFCS7"' is shown in Figure 2. In a DFM 
model, circles are nodes representing hardware or software parameters, boxes are DFM 
operators describing the relationships between the nodes, the solid arrows are causality 
edges indicating fimctional relationships, and dotted arrows are conditioning edges 
representing conditional relationships. The principal step in integrating the software and 
hardware portions of the model is the identification of all data that is exchanged between 
the software and the physical world. In the Titan II system, the software reads in the 
gimbal angle measurements a, 13, y, and 'YR> the accelerometer counts a,.,,, a.,,,, and a,.,,,, and 
the pitch rate PR and yaw rate YR The outputs are the thrust chamber deflection angles 
8p, ~ and E\. 

In Figure 2, transfer boxes A and F model the inertial measurement unit (IMU), which 
compares the initial and current orientations of the body axis, ~ and B& to generate the 
gimbal angle measurements a, 13, y, and 'YR> and also measures the accelerations a..,,, a..,, 
and a,,,,,. Transfer box D represents the gyros which measure the pitch rate PR and yaw 
rate YR These sensor inputs are used by the flight control software to calculate the 
thruster deflections 9p, ~ and E\. Finally, transfer box C represents the rocket itself in 
which the body axes and the current acceleration depends on 8p, ~ (:\, the thrust F, the 
rocket mass M, the moment of inertia I, and the center of mass CM After linking up the 
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parameters by the transfer boxes and transition boxes, the next step is to construct decision 
tables to represent the relationships between the parameters and backtrack through the 
model to build fault lrees. Decision tables representing the transfer boxes and transition 
boxes have been constructed and work is currently in progress to develop fault trees to 
investigate the dependability of the navigation and control functions during Stage I flight. 

A 

Flight 
Control 

Software 
B 

Figure 2. DFM Model of the Titan II Flight Control System 
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DETERMINING THE PRIME IMPLICANTS FOR MULTI-STATE 
EMBEDDED SYSTEMS 

E. J. Shields, G. E. Apostolak.is, S. B. Guarro 

Mechanical, Aerospace, and Nuclear Engineering Department 
University of California, Los Angeles, CA 90024-1597 

INTRODUCTION 

Binary logic, where the two values describe the event space, e.g. operating-failed, 
safe-wisafe, might not be sufficient for an adequate representation of the performance of a 
system, and its components. Situations occur where engineered systems are characterized 
by degrees of complexity, such that the failure or degeneration of some components does 
not completely prevent systems from accomplishing their missions. Or the performance of 
engineered systems and their parts might be suitably expressed by means of several values 
(i.e. multi-state) that allow for a more accurate representation of the system's physical 
variables (e.g. pressure, temperature, voltage, etc.) Nuclear and chemical plants, aircraft, 
and spacecraft, are examples of systems in these classes. It is precisely these types of 
system that inspired the Dynamic Flowgraph Methodology (DFM) currently under 
development at UCLA to analyze embedded software systems. 1 

Embedded systems are systems in which the functions of mechanical and physical 
devices are controlled and managed by dedicated digital processors and computers. These 
latter devices, in turn, execute software routines to implement specific control functions · 
and strategies. The advantage of using embedded systems is in the almost unlimited 
flexibility provided by the software implementation of system control functions and by the 
computational power and speed of modem microprocessors. 

One important issue that needs to be addressed in the modeling and analysis of 
embedded systems is the dynamic nature of their behavior. The DFM approach consists of 
a modeling and analysis environment in which LFM2 structures are used to model the 
relationships between the various software and hardware variables of a system, while the 
execution of software is modeled as a series of discrete points in time. This allows the 
d_evelopment of "timed" fault trees which reflect static relationships between variables at 
different points in time. This ability will enable an analyst to produce fault trees for an 
embedded system that would describe and ·illustrate bow any kind of wisafe conditions or 
events may occur in the system as a whole, due to software faults, hardware faults or 
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combinations of the two. Systems which contain other than simple fault modes connected 
by AND-OR gates, i.e. EOR gates, multiple States, etc. , are non-coherent and their unique 
failure modes cannot be determined by methods used on binary fault trees. Given the logic 
function representing a system's failure modes, <l>, where ¢ and q, are fundamental formulas 
(literals and conjunction of literals, containing no variable twice) of ct>, ¢ will be said to 
subsume q> if and only if all the literals whereof q> is a conjunction are among the literals 
whereof ¢ is a conjunction. We call ¢ a prime implicant of a formula ct> if ¢ implies <l> and 
subsumes no shorter formula which implies <I)} It will be the focus of this paper to 
describe a method for determining the all prime implicants of multi-state "timed" fault 
trees. 

TIMED FAULT TREES 

One approach currently under evaluation is to represent the "timed" fault trees in the 
form of decision tables . . A timed fault tree takes on the form of a combination of timed­
stamped pieces of conventional static fault trees which describe system parameter states at 
different time steps. It is a series of snap shots of the system evolution, with each snapshot 
presented as a piece of a static fault tree with all significant time transitions explicitly 
identified within the logic structure of the tree, so the existence of certain logic relations 
among system states across time boundaries are identified. ln conventional fault .trees, only 
the probabilities of occurrence of events may exhibit time dependence. In timed fault trees, 
the logical structure of the tree may be time dependent. The most commonly derived results 
from fault trees are the minimal cut-sets for the top event. Each minimal cut-set is a 
complete set of the minimum necessary and sufficient combinations of hardware and 
software state(s) that can potentially cause the top event. However, because DFM uses a 
multi-state representation of variables, special methods are required to derive the system's 
prime implicants. 

After the fault trees have been constructed, the sets of primary events which lead to 
the top event can be obtained. These sets of primary events are converted to tabular form 
by constructing "timed" deci.sion tables. Each component of the system is modeled by a 
decision table. The decision table describes how each combination of input events specifies 
the output events, i.e. the state of the output. After some modification for use with multi­
state variables, these decision tables can then be simplified via basic Boolean operations 
that are used for simplifying truth tables. These rules used in conjunction with the 
application of Quine's consensus theory can be used to reduce a decision table to its prime 
implicants, which will be used to calculate the systems top event probabilities. 4 

ILLUSTRATIVE EXAMPLE 

The above concepts are best illustrated through a simple example. Consider a 
system having the DFM model shown in Figure I below. This model along with the 
decision tables that describe input-output relationships of the variables are needed for the 
analysis of a system failure or top event. 

Variables A and F are outputs of transfer boxes where the relationship between the 
input and the output nodes is defined by a decision table and assumed to exist in the same 
time frame. The variables D and E are the outputs of transition boxes. The difference 
between transition and transfer boxes is that in transition boxes a time lag occurs between 
the time when inputs become true and the time when the output states are reached. In this 
example the time delay is IO time units for both transition boxes 1 and 2. The balance of 
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the variables, B, C, G, and H, are basic events or process variable nodes that represent 
physical and software condition in the system, i.e. temperature, pressure, valve position, 

etc. 
The goal is to develop a decision table that contains only the prime implicant~ for 

the given top event. A prime implicant table is developed by an automated backtracking 
procedure which takes into account the timing effects introduced by the transition boxes, 

6 t=lO 

. 6 t=lO 

Figure 1. DFM Model. 

resulting in decision tables which are time dependent. For this example the top event will 
be A =·+1. A possible decision table definition for the variable A is given in Table I. The 
output of the other transfer and transition variables would be defined in a similar manner. 

Table 1. Decision table for transfer variable A. 

BE T2 TF 
B D A 

-1 -1 -1 
0 -1 -1 

+ 1 -1 -1 _, 
0 -1 

0 0 0 
+ 1 0 + 1 
-1 + 1 +1 
0 +1 +1 

+1 +1 +1 
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After a top event has been identified and translated in terms of the state(s) of one or 
more nodes of the system, backtracking proceeds until a transition box is reached. 
Development of the decision table is then suspended and the remaining inputs are 
developed until they reach either a basic event or another transition box . . Tue result is a 
decision table for the system at time tn. Then, from the DFM model, the transition is found 
which maps the system state from time tn to time tn-1, i.e., the last transition to have 
occurred. From that transition, the input values associated with that transition at time tn-1 
are found, and backtracking continues as before until, again, all inputs are either basic 
events or the outputs of other time transitions. This is the decision table for time tn-1 · This 
process continues backward through successive transitions in the DFM model. The result 
is a decision table with inputs which represent the state of the system at different times and 
which are linked through the inputs and outputs of time transitions. The nature of the 
particular system dynamics being studied will provide heuristic rules for determining how 
far back in time one should go before halting the procedure. The resulting table will contain 
only values of process variables and any undeveloped transition variables along with the 
time at which they occurred. An example of such a table is given in Table 2. The top row 
describes the type · of variable, the second row is the name of the variable, the third is the 
time the input is occurring, e.g. a value of -10 indicates the state of the input 10 time units 
before the occurrence of the top event, the remaining rows are the states of the given inputs. 

Table 2. Prime implicants for top event A=+ 1. 
BE BE BE BE BE BE BE BE BE T2 TE 
B B B C C G G H H D A 
0 ·10 ·30 · 10 . 30 ·20 ·40 ·20 -40 ·30 0 

+ 1 . 0 . 0 . 0 . + 1 
. . . . +1 . . . . + 1 
. . . . . . . + 1 . . + 1 
- - . 0 - 0 - 0 -1 - +1 
- - . 0 - 0 - 0 - . + 1 
- - . 0 -1 0 . 0 . . + 1 
. . +1 0 . 0 . 0 . . + 1 
. . - 0 . 0 . 0 . +1 + 1 
. ·1 . 0 . 0 . 0 - - + 1 
. . . + 1 . 0 -1 0 -1 . + 1 
. . . + 1 - 0 0 0 -1 - + 1 
. - - + 1 - 0 -1 0 0 - + 1 
- - . + 1 -1 0 0 0 0 - +1 
. . +1 +1 +1 0 0 0 0 0 +1 
. . . +1 +1 0 0 0 0 +1 + 1 
- -1 0 + 1 0 0 0 0 0 0 +1 

0 0 +1 0 0 0 0 0 0 +1 
- +1 . 0 - 0 . 0 . - +1 
- - - 0 - o. +1 0 - - +1 
- - - 0 . 0 - 0 +1 - +1 
- - . 0 - 0 - 0 - -1 +1 
. . -1 0 . 0 . 0 - - +1 
. . . 0 +1 0 . 0 . . + 1 

Consistency checking must also be employed to ensure that each event in the 
decision table is consistent with the events that appear before it. Events which violate 
logical and physical constraints imposed by the system must be removed from the table. 
Consistency checking for events 9ccurring at the same time are well established, e.g. a 
variable cannot take two different values at the same time. However, because the decision 
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tables developed in this methodology contain information about the system at different 
points in time, it is necessary to perform consistency checks against the dynamic 
relationships between the variables. For example, in Table 2 if the input H represented the 
state of a valve, i.e. -1 - failed low, 0 - normal, and + I - failed high, if we assumed the 
system cannot correct itself, rows 7, 14, and 23 would be removed because the indicate the 
change from a failed state to a normal state, e.g. -1 to O or + I to 0. The decision table is 
then further simplified with the remaining rows representing the system's prime implicants. 

The computer code to achieve the results outlined above is currently under 
development at UCLA. This code is a modified version of the PITE (Prime Implicants of 
Top Event) software.s 
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AN APPLICATION OF JSPA: 
SENSITIVITY ANALYSIS OF A COMPLEX ENGINEERING PROBLEM 

ABSTRACT 

Patrick R. McClure, Steven D. Clement. and Scon G. Ashbaugh 

Science Applications International Corporation 
Integrated Systems Performance Assessment Division 
Albuquerque, NM 87106 

Integrated System Performance Assessment (ISPA), a knowledge-based analysis 
tcehnique, is used to perform a sensitivity analysis for a simple system. ISPA uses an event 
tree structure that allows the analyst to express his knowledge about the system 
probabilistically and provides a method for the treatment of inter-dependencies between 

system components. 

INTRODUCTION 

An analytical model may be used in design optimization or performance assessment of 
an engineered system. A system typically consists of several componentS, whose collective 
performance determines the overall system performance. System componentS can be 
defined as being one of two types: 

• Independent components, whose performance are not affected by other system 
components or outside influences. and 

• Dependent components, whose performance are tied directly to the performance of 
other system components or are influenced by factors external to the system. 

The modeling of ~ch system component may be complicated by itS performance range, 
if large. or by uncertainties in the way in which external factors influence its performance. 
Component performance may be defined through empirical data or theoretical algorithms, 
or, if knowledge is incomplete, may be probabilistically characterized based on those 
component attributes that are known, while varying unknown attributes in a statistical 

fashion . 
. To analyze the affect of changing controllable component attributes and the range of 

system performance response 10 uncertain parameters, the engineer classically performs a 
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sensitivity analysis. The sensitivity analysis is historically performed using one of several 
generic methods. The most common methods arc as follows: 

• A mono-variate technique, in which parameters affecting system component 
performance arc varied one at a time, and the effect on the system is 
measured; and 

• A multi-variate technique, in which parameters affecting system component 
performance are varied simultaneously, and the effect on overall system 
performance caused by the variations in a single component is evaluated 
using a statistical method. 

These sensitivity analysis techniques have disadvantages, which make them insufficient 
for a complete performance analysis of an engineered system. The mono-variate technique, 
while easy to use, will not provide insight into the interdependencies that may exist among 
system components. The multi-variate technique may provide some insight into component 
interdependicies. but does not provide a direct method for dealing with dependent 
components. In addition, results of the multi-variate technique may be difficult to interpret, 
and the method is sometimes difficult to use with complex systems. 

This paper describes an innovative, knowledge-based analysis technique that facilitates 
performance assessment of complex engineered systems. This technique, known as 
Integrated System Performance Assessment, (ISPA)1, applies a probabilistic modeling 

· framework to the overall performance. 

INTEGRATED SYSTEM PERFORMANCE ASSESSMENT 

ISPA modeling begins by characterizing the system performance in terms of 
performance criteria. The analyst then develops causal relationship between these 
performance criteria and the system component -attributes through both inductive and 
deductive reasoning. Specifically. the analyst indicates. using an event tree StrUCture. the 
combinations of component performance required to attain a cenain system performance 
goal. The structure of the tree indicates the causal relationships that the analyst believes 
exist. Because the event tree modeling framework is probabilistic, the analyst can indicate. 
within the context of the model, his or her confidence that a particular causal relationship 
is accurate. Multiple relationships with varying levels of confidence can be indicated if the 
analyst identifies more than one potential cause-effect relationship between any system 
component and any other component or one of the performance criteria. Because the level 
of confidence is specified, an uncenainty analysis can also be performed. 

ISPA assists the analyst by identifying the relative importance of various system 
components to overall system performance. Because the !SPA approach takes performance 
information from individual system components, aggregates the data, and evaluates overall 
system performance, the model provides the analyst with the ability to conduct trade-off 
studies and "what-if' analyses by simulating numerous variations in system component 
attributes.· 

!SPA allows the integration of Stand-alone computer models within a knowledge-based 
framework. This facilitates the use of computer modeling to predict component or overall 
system response for any one set of specified component attributes. while using the 
knowledge-based approach to analyze system performance over a wide range of component 
attributes. This approach allows the analyst to deduce the optimum set of component 
attributes to satisfy the established performance criteria, while also allowing the analyst to 
vary boundary conditions in case the system environment is uncenain. 
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DEMONSTRATION OF THE TECHNIQUE 

The !SPA approach to perfonning sensitivity analysis is demonstrated by determining 
the relative importance of components in a simple system. The system to be analyzed is 
a thin walled aluminum cylinder capped at the bottom by concrete and submerged in water. 

The object of the assessment is to detennine if molten metal poured into the cylinder 
melts through the thin wall (melting temperature is 933 K) or cools inside the cylinder. 
The performance criteria for this system is the coolability or non-coolability of the molten 
metal, where a coolable system is defined as one in which the cylinder wall does not melt 

The analytical model selected to represent the system uses a transient two-dimensional 
finite-difference beat conduction model. The model contains correlations for natural 
convection. nucleate, transition and film boiling on the radial boundary of the cylinder. 
Melting and freezing of the materials is calculated at each node in the system. The pour 
rate of molten metal is used to calculate the height of material within the cylinder at each 

time step. 
The analytical model is coded into FORTRAN for use with the event tree software used 

in the !SPA methodology. The nodaliz.ation selected to represent the cylinder is shown in 
Figure 1. Temperatures throughout the system are tracked for 40 seconds. 

The initial and bounda.ry conditions of the system are uncertain and the sensitivity of 
the system to these conditions is to be assessed. The independent components are as 

follows: 

• The degree of sub-cooling of the water outside the cylinder: This value ranges from 
0 to 50 degrees Celsius (Saturation is 373 K). 

• The temperature of the relocating metal : The metal temperature ranges from 1500 
to 2000 K. The melting temperature of the metal is assumed to be 1500 K. 

The dependent component for this system is the pour rate of the metal into the cylinder. 
which is a function of the temperature of the .relocating metal. This functional relationship 

is as follows: 

• A high temperature (defined as 2000 K) produces a maximum pour of 0.2 lcg/s. 
• A medium temperature (defined as 1700 K) has an equal probability of producing 

a 0. l lcg/s or 0.2 lcg/s pour rate. 
• A low temperature (defined as 1500 K) has an equal probability of producing a 

0.05 lcg/s or 0.1 kg/s pour rate. 

This simple distribution is selected only to demonstrate the technique. The !SPA 
methodology is suitable for analyzing significantly more complex problems in which a 
"family" of distributions for dependent components may exist. 

ANALYSIS OF RESULTS 

The system components and their dependencies are defined in an event tree format, 
shown schematically in Figure 2. Each branch of the tree defines a different set of initial 
and boundary conditions. While defining these conditions, the logic model considers their 
interdependicies and the level of confidence (as described by the analyst) that each is 
indeed correct. The tree serves as the driver that calls the system model for each 
combination of initial and boundary conditions. For this example, coolability of the metal 
in the cylinder is the performance criteria. 

The results of the analysis are shown graphically in Figure 2. Looking at the various 
paths and outcomes shown in Figure 2,"thc analyst can observe the combinations of events 
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that meet the performance criteria. Figure 2 indicates that a metal temperature of 1500 K. 
in combination with all values of sub-cooling and pour rate, meets the performance criteria·. 

In addition, the distribution of coolable and non-coolable results are shown in Table I 
for each component. The results show that sub-cooling of the water docs not favor either 
state, coolability or non-coolability. By conttast. the temperature of the metal clearly 
indicates that a low temperature of 1500 K is coolablc, while the higher temperatures of 
1700 and 2000 K are non-coolable for all but one low probability case. The pour rate, a 
function of metal temperature. is coolable only for pour rates of 0.1 and 0.05 kg/s. The low 
pour rates arc only possible for a metal temperature of 1500 K. Therefore. the results 
indicate that the most important component in determining coolability for this system is the 
metal temperature. 
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SUMMARY AND CONCLUSIONS 

IPSA is a knowledge-based analysis technique that facilitates performance assessment 
of complex engineering systems. These systems can be comprised of independent or 
dependent components. whose collective performance determines the overall performance 
of the system. The technique applies a probabilistic modeling framework to the overall 
performance assessment of a system. The technique can be used in the design optimization 
or sensitivity analysis of a system. 
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Table 1. Tabulation of Results. 

o.QrN SUb-eooling F1Ktion Coolable Ffactlon Non-Coolable 

0 0.068 0.083 

10 0.157 0.192 

20 0.157 0.192 

50 0.098 0.053 

Metal Tlfflp«1ture (Kl Fraction Coolable Fraction Non,Coolable 

2000 0.000 0.150 

1700 0.030 0.370 

1500 0.450 0.000 

Pour Rate (kg/1} Fraction Coolable Fraction Non-Coolable 

0.2 0.000 0.350 

0.1 0.255 0.170 ' 

0.05 0.225 0.000 

An c:xample of the ISP A technique was performed for the sensitivity analysis of a 
simple system, the coolability of molten metal in an aluminum cylinder. Using the ISPA 
technique, the relative importance of the parameters in affecting system performance was 
identified. For the example presented, the temperature of the metal entering the cylinder 
was identified as the most crucial parameter. . 

The IPSA technique has several advantages over traditional methods of performing 

sensitivity studies: • 

• The technique provides an integrated and systematic method of performing the 

analysis. 
• The modeling framework is probabilistic. allowing the analyst to express his 

confidence that a particular causal relationship is accurate. 
• lSPA allows for dependent and independent components to be analyzed eliminating 

the potential for inconsistencies. 
• Statistical methods such as Monte Carlo and Latin-Hypercube sampling in 

conjunction with regression analysis can still be used in the lSPA technique. 
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PRACTICAL PROBLEMS IN AGGREGATING EXPERT OPINIONS 

Jane M. Booker, Richard R. Picard, Mary A. Meyer 

Statistics Group 
Los Alamos National Laboratory 
Los Alamos, NM 87545 

INTRODUCTION 

Expert opinion is data given by a qualified person in·response to a technical question. 
Thus it is an imponant part of many risk, reliability and safety studies. In these analyses, 
expert opinion provides information where other data are either sparse or non-existent 
Improvements in forecasting result from the advantageous addition of expen opinion to 
observed data in many areas, such as meteorology and econometrics. More generally, 
analyses of large, complex systems often involve experts on various components of the 
system supplying input to a decision process; applications include such wide-ranging areas 
as nuclear reactor safety, management science, and seismology. Recent developments in 
aggregation. place increased reliance on computers and modeling, including knowledge 
acquisition and the development of automated expen systems, such as for medical 
diagnoses. 

For large or complex applications, no single expen may be knowledgeable enough 
about the entire application. In other applications, decision maker.; may find it comforting 
that a consensus or aggregation of opinions is usually better than a single opinion. Many 
risk and reliability studies require a single estimate fot modeling, analysis, reporting, and 
decision making purposes. Aggregation methods also provide measures of dispersion 
accompanying that single estimate. For applications with large uncertainties, the stntegy 
of combining as diverse a set of experts as possible helps characterize that uncertainty. 

Decision malcers are frequently faced with the task of selecting the expens and 
combining their opinions. However, the aggregation is often the responsibility of an 
analyst. Whether the decision maker or the analyst does the aggregation, the input for it, 
such as providing weights for experts or estimating other parameter.;, is imperfect owing to 
a lack of omniscience. This is only one of many difficulties associated with aggregation. 

Aggregation methods for expert opinions have existed for over thirty years; yet many 
of the difficulties with their use remain unresolved. Major problem areas are summarized 
in the sections that follow: sensitivities of results to assumptions (in the data and the 
methods}, weights for expens, correlation of experts, and handling uncertainties. The 
purpose of this paper is to discuss the sources of these problems and desclibe lheiJ effects 
on aggregation. 

FORMALIZING THE AGGREGATION 

Numerous models have been put fonh 10 describe elicited expert opinions (Meyer 
and Booker, 1991). Consider, for illustration. a simple problem treated by Llndley and 
Singpurwalla (1986). Interest lies in a single unknown parameter, 9, denoting the log 
failure rate of a system component under some hypothesized operating conditions. A set 
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of It. experts is consulted by a decision maker to provide information regarding 8. The jtlo 
expen offers the opinion that 8 is normally distributed with mean ~ and standard 
deviation Sj. It is now up to the decision maker to evaluate these opinions and obtain a 
single aggregated opinion regarding the componenL 

The decision maker may believe that the experts' stated opinions should be adjusted 
to reflect the effects of the factors affectinJ their stated opinions. Opinions are affected 
by factors such as the expens' personal biases, resulting from any conflict of interest, 
political concerns, or frame of mind. In addition, opinions are also affected by the 
manner in which the opinion is elicited such as question phrasing and response mode. 
Suppose the decision maker believes that the expens' estimates are distorted by the shift 
parameter, ~ , and a scale parameter, Pi such that: 

(1) 

Note that ai = 0 and /Ji = 1 correspond to the special case of accepting opinions at face 
value. Funher suppose the decision maker feels that the j1II expen's stated standard 
deviation, Si, differs from its actual countefPan u, by the factor 11 , i.e., 

(2) 

Specification of 11 > I, for example, allows the decision maker to inflate the ;th expen's 
stated unce:tainty to compensate for the tendency of experts to exaggerate the extent of 
their knowledge (Capen, 197 5). 

Correlation among expens is almost. always observed in real applications. 
Decision makers who surround themselves with "yes.men" have severe problems in this 
regard. Correlation between the experts can stem from social pressures to conform 
(Janis, 1972) or from similarities in the experts' problem-solving processes (Booker and 
Meyer, 1988). Denote Pii as the correlation between mi and m; givens= (SJ, s2, .•. , sk)T 
and~ . 

At this point, the joint distribution of stated opinions m = (m J, m2 , .•. , /Iii:) T and s 
depends on underlying parameters ( ~ , /Ji , 11 , Pij). Once the distribution of (m.s) given 9 
is specified and combined with the decision maker's prior for 8, it is straightforward to 
obtain the decision maker's posterior for 9 given the "data" (m.s), not unlike a 
multivariate Bayesian calibration. 

One strength of the Lindley-Singpurwalla (LS) approach is that it allows for explicit 
incorporation of parameters that are crucial to the decision maker's interpretation of the 
expens' inpuL Lacking any incorporation, the decision maker would have no direct way to 
compensate for factors that diston stated opinions. At the same time, however, 
specification of the parameter values ( ~ , /Ji , 11 , Pij l in practice is acknowledged to be "an 
enormous wk" (Lindley and Singpurwalla, 1986). 

The original LS aggregation incorporated the following assumptions relevant to 
certain applications: I) the decision maker's prior for 8 is constant, 2) the distribution of s 
given 9 docs not depend on 8, and 3) the distribution of m given {s,8) is multivariate normal 
with mean a + p 8 and covariance matrix :t with elements Pij'/ISi'JJSi· Under these 
conditions, the decision maker's posterior for 9 is normal with mean 

(3) 

and standard deviation 

(4) 

where a= (a1, IJ2, •• • , ai)T and P = (PJ, {ti, .. . , pj)T. 
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There are many possible deviations from these assumptions: the decision maker's 
prior may not be flat, the experts may not provide normally distributed opinions, the 
modeling of (m.s) in terms of underlying parameters may be more complex than described, 
and so on. In addition, the decision maker's estimates of the parameter values ( ~ , Pi , x . 
Pi/), even when based on a modest amount of dota. can still result in poor coverages of 8 I 
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from intervals derived from Equations (3) and (4). For example, over the distribution of 
(m,s) the portion of 95% intervals (JJ ± l.%0-) containing 8 will be much less than 95%. 

The sections below discuss these and other problems relating the aggregation of 
expert opinions. 

PROBLEMS WITH METHOD ASSUMPTIONS AND 11fE DATA 

In the usual case of gathering data for statistical analysis, basic rules arc necessary to 
obtain a proper data for use in most methods. Sample points are assumed independently 
drawn from a population in such a manner (usually at random) so as to properly represent 
that population. Such a sample is described as a set of independently identically distributed 
(iid) values. The opinions from a set of experts may be neither independent nor identically 
distributed. The independence issue is further discussed in the correlation section. Many 
times there arc very few experts available for sampling and the decision maker who selects 
them may deliberately choose experts for reasons (biases) of his own. This can make the 
sample a poor representation of the population. To obtain a reasonable sample and avoid 
any misrepresentation of the population, the decision maker should use a standard sampling 
method, such as simple random sampling or stratified random sampling, to select experts 
from the population. 

Assuming the experts themselves represent the population of opinions possible, their 
estimates arc affected by many factors such as how the elicitation was performed, the 
experts' and the elicitors personal biases, and the expens' problem solving processes 
(especially for complex problems). Careful controls can reduce some of the elicitation 
effects influencing expert opinions, but their effectiveness has only been marginally studied 
(Meyer and Booker, 1991). For instance, if the experts were given a loosely formulated 
question, they might interpret it in differing ways, using varying assumptions or boundary 
conditions. Thus, they might be answering essentially different questions. Pilot testing.of 
the questions for clarity and completeness is one way to reduce this problem; probing the 
experts for information on their assumptions, boundary conditions, definitions of terms, and 
problem-solving methods provides a second check. 

Another sampling problem in using expert opinion is sham! with other data gathering 
in reliability and risk analysis applications. In many applications, data is often exU'Cmcly 
sparse, difficult to procure, or very costly to obtain. Methods designed for applications 
with large samples may suffer in performance when the sample is a small number of 
experts, not to mention only one expen. While small sample size methods, such as 
bootstrapping, are available in the statistical literature for some applications, their 
applicability for expert opinion applications would be very difficult to determine because it 
is difficult to find cases where large samples arc possible. One mitigating tactic is to plan 
on gathering the opinions of the largest number of experts possible given the time and 
monetary constraints. · 

Aggregation methods (e.g., LS) may place further restrictions on the data such as 
requiring that it be nonnally distributed (Genest and Zidek. 1986). Robustness studies of 
cenain statistical methods (such as regression) have often indicated that depanures from 
normality, if not too severe, have linle impact on the results. Perhaps this holds true for 
aggregation methods as well; however, no verification is currently available. In moSt cases, 
the data can be tested (e.g., tested for normality) to determine if the assumptions required 
are violated. 

Many aggregation methods either assume that the experts are well calibrated or allow 
for calibrating them (such as in the LS method, through the estimates of the parameters ( ai, 
A , 11 } ). In general, calibration focuses on the problem of how well the experts know their 
subject mancr. Studies have indicated that experts cannot be well calibrated except in high ' 
feedback situations such as blue-chip stocks and weather forecasting (Hogarth, 1975), but 
arc lacking in determining the effects of using uncalibrated experts when calibrated experts 
arc required. Until such results arc available, decision makers should remain aware that in 
calibrating experts, they influence the aggregation through their adjustmCnts. The decision 
maker's attempts to calibrate experts through the estimation of parameters can cause 
difficulties as described in the next section. 
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PROBLEMS WITH ESTIMATING PARAMETERS 

Most aggregation methods rely on combining expcn opinions through some type of 
weighting scheme. Thus, they require parameter estimation, usually in the form of 
estimating the weights for the eXj>CIU. Some even suggest that the decision maker weight 
his own information in combinaaon with that of his expens, as is dooe in the LS approach 
through incorporation of the decision maker's prior. 

The LS method requires the decision maker to estimate parameters I ~. ft, ll, Pij) for 
each expert - mean shift, mean scaling, standard deviation scaling parameters and mter­
expen correlations. Apan from the mean shift term in Equation (3), the parameter 
estimates combine in much the same manner as a simplified weighting aggregation with the 
form: 

µ = l: w;m; II. w; . (S) 

There are many ways to estimate weights (Meyer and Booker 1991). However, these 
reci.uirc input from the decision maker. How well the decision maker knows the expcns 
senously affects the aggregation. Usually, additional performance data on the experts is 
necessary for proper estimation of weights or parameters (as in the LS method). Such data 
may not be available for many applications, requiring that the decision maker be the sole 
provider of estimates for weights or other parameters. Even when such data is available, 
the use of imperfect parameter values produces misleading pos~rior distributions. 
Specifically, the coverage of the underlying parameter 8 by interVal estimates is extremely 
poor. 

As a result of the difficulties in estimating weights, some have suggeSted (Genest and 
Zidek, 1986) the use of equal weights. This solution changes the decision maker's 
influence to that of selecting the expens and, of course, weighting them equally. However, 
it also prevents adjusanents for bias and underestimation of uncertainty which may vary 
from one expert to another. While comparison studies are lacking to provide guidance on 
the use of weights, the decision maker should perform his own sensitivity study, changing 
the weights to capture his uncenainties about them within a chosen aggregation method. 
For general weighting methods as in Equation (5), !he { w;) must be highly variable in order 
to impact the aggregation. In the case where cenain experts receive extremely large 
weights and others receive small ones, the decision maker might question the original 
selection process of the eXpertS. 

PROBLEMS WITH CORRELATION 

For several decades, the problem of pooling potentially com:Jated expert opinions 
has been examined. The first methods for aggregating opinions assumed uncorrelated 
and independent expert opinions. As aggregation methods evolved, dependencies among 
experts were characterized by inter-expert correlations. Experts were thought to be 
correlated because ''Experts often have some common training and experience, they see 
the same data, and they may use similar aids (e.g. statistical procedures such as regression 
analysis)." (Winkler, 1981), and because high correlations were observed among experts' 
estimates in some studies such as weather forecasting (Hogarth, 1975) and football 
betting lines (Stern, 1991; Win.kier, 1981). 

The sources of such correlation among expens were based on the speculation that 
some common conditions existed which mutually affected the expens in their estimation 
processes. More recently, sources of correlation have been identified from the problem 
solving processes of the expens rather than from their common backgrounds or 
experiences (Booker and Meyer, I 988). These problem solving processes include the 
different steps used by experts to arrive at an answer, including assumptions, boundary 
conditions, equations, and physical relationships. 

Many elaborate weighting schemes were proposed in response to the 
hypothesized correlation among cxpens. These methods usually require the estimation of 
a correlation structure among the expens. The LS method, like many others, requires the 
decision maker to estimate correlation coefficients for all pairs of experts. 
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Examining the performance of the LS standard deviation, (4), under the simplified 
condition of all expen pairs having the same correlation coefficient, leads to a 
phenomenon that is also found in other methods. As the correlation coefficient increases, 
the resulting standard deviation increases, provided all other quantities are held constant 
However, as the correlation coefficient continues to increase beyond some optimum 
point, the standard deviation begins to dccrusc. This result is algebraically verified by 
examining the derivatives of Equation (4) with respect to the common p. Even using 
different correlation coefficients in the LS method, the resulting standard deviation is 
very sensitive to the values in the correlation matrix (Picard and Booker, 1993). 

The fundamental problems in using correlated experts are twofold. Fust, if the 
estimated correlation greatly differs from the true underlying correlation, then the final 
aggregation estimate and its variance will not be accurate. Second, the decision maker's 
collection of /c experts probably does not provide him with le independent opinions or 
even k. uncorrelated opinions. To understand the effects on the number of independent 
expcns when expcns share a common correlation, the concept of an equivalent number of 
expens, .n(p ), has been proposed. If the correlation structure among the ex pens is the 
same, p, and the variance is the same, then Qcmcn and Winkler (1985) use an equivalent 
number of expcns defined as 

,(p)=/c /[l+(/c-l)p). (6) 

For example, if there are 5 expcns with a common correlation of 0.9, then the decision 
maker really only has the equivalent of 1 independent opinion. This relationship is 
presented to illusirate the effect of using correlated expcns in the idcaliz.ed case of common 
p and common variance. · Spending large amounts of time and money on many expens 
whose opinions are all high! y correlated is not cost effective. 

Finding an aggregation method that can handle correlation among experts under 
realistic conditions and still be robust to effects induced by imperfect decision maker input 
is a difficult task. However, studies on effects of estimating correlations (Picard and 
Booker, 1993) and on the sources of correlations (Booker and Meyer, 1991) offer results 
for understanding the problems associated with correlation among experts and pave the 

. way for additional work. 

PROBLEMS WITH UNCERTAINTY 

The PRA community has made progress in requiring and using uncertainty estimates 
from experts. Likewise, many aggregation methods have some mechanism for uncertainty 
characterization. These characterizations are commonly in the form of standard deviations, 
error bars, maximum to minimum ranges, intervals of values, or percentiles. However, 
there are some problem areas associated with characterizations of uncertainty. 

First, neither the expen providing the information, nor the decision· maker using it 
may have an adequate (or accurate) interpretation of the meaning of the uncertainty 
measure being used. Experts and decision makers are often unfamiliar with concepts such 
as percentiles or standard deviations. In addition, they may not be familiar with probability 
disaibutions, which often arc the basis of quantifying uncertainty. An even worse case 
occurs if ill-defined terms are anached to values without admitting a lack of knowledge or 
simply due to custom. For example, the engineering literature commonly uses the term 
"error bars," but what is meant by this can greatly differ and is rarely defined. Thus, one 
expen's error bars may be a 90% coverage interval, another's may be a maximum to 
minimum interval of values. 

Second, as mentioned above, there is the well documented problem that any of these 
measures given by experts generally underestimates the actual uncertainty. This remains a 
problem even when expcns arc familiar with the uncertainty estimates and are made aware 
of the underestimation bias through iraining and careful monitoring. For example, an 
interval defined by the expen using the 95rh and 5111 percentile values may in fact 
correspond to the 65'h and 351h values in an underlying disaibution. 

The LS method is designed to use standard deviations provided by the expcns of their 
estimates of the parameter 8. These standard deviations are adjusted by the decision maker 
to account for the underestimation of uncenainty using the ( ,i). However, the decision 
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maker's ability to properly make this adjustment remains in question. The results of a 
sensitivity study (Picard and Booker, 1993) indicate that even when the decision maker has 
sufficient data from the cxpens' past performance, uncertainties in estimates of ( r.) 
propagate to unccnaintics in aggregated opinions which arc not captured by Equation ( 4 ). 

There arc few studies which address these issues. The effects on aggregation of using 
one uncertainty measure versus another arc not known. The success of using counter 
biasing techniques to provide better estimates of uncertainty has been limited (Meyer and 
Booker, 1991). Yet. characterizing and analyzing uncertainty remains very imponant in 
applications relying on expert opinion. 

CONCLUSIONS 

This paper llas summarized many of the difficulties involved in aggregating cxpcn 
opinions from multiple cxpens. Additional, more complicated problems exist. For 
example, in most expen elicitations, estimates from multiple cxpcns arc required for 
multiple events or components. So, many aggregation problems arc multivariate in nature. 

There arc no widely accepted methods for quantitatively comparing diverse 
aggregation methods. One reason for this difficulty is because different methods assume 
different input information from the decision maker. 

In addition. the robusmess of each method to violations of assumptions and 
conditions requires much more study. While research into human cognition and knowledge 
acquisition areas continues, it rarely relates to the methodological issues of combining 
expens' information. Picard and Booker (1993) show how the LS method is very sensitive 
to imperfect decision maker input even when all the assumptions and conditions of the 
method arc appropriate, and other aggregation procedures share this property. 

Identifying the problem areas that arc increasingly coming to the anention of 
analysts and decision makers is a good beginning. Even though more examination of the 
issues raised here is needed, studies continue to provide insight into the use of aggregation 
methods. 
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THE ANALYSIS OF COMPETING FAILURE MODES 

Roger M. Cooke 

Department of Mathematics and lnforma.tics 
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Delft, The Netherlands 

INTRODUCTION 

Modern reliability data bases distinguish several competing failure modes for 
components, usually categorized as "critical", "degraded" and "incipient". 
When degraded or incipient failures are observed the component is taken off 
line and repaired to as good as new; hence each failure mode right - cens&r s the 
others. Current techniques for analysing censored component life data model 
the failure modes as independent competing risks: the time history of a 
component socket is modeled as observations of the minimum of independent life 
variables, one variable for each failure mode. In the reliability context 
these techniques a.re quite inappropriate and can lead to seriously 
underestimating the critical failure rate. This pa.per presents techniques for 
analysing competing failure mode data.. We assume throughout that two failure 
modes are distinguished , namely (critical) failure and censors. This work is 
supported by the European Space Agency a.nd is performed in cooperation with 
the Swedish Nuclear Directorate and the Riso National Laboratory. 

NOTATION AND DEFINITIONS 

Throughout, X is an exponential variable corresponding to critical failure, 
with failure rate >.; Z is an arbitrary life variable corresponding to 
censoring via. incipient failure. We observe independent and identically 
distributed copies of Y = {X/\Z, ltx<ZJ)i that is we observe the smaller of X 
and Z, a.nd observe which it is. x,, ... xm; z,, ... z. a.re observed times to 
critical resp. incipient failure, from· N = m+n independent observations of Y. 
l.x denotes the La.place transform of X, a.nd "-" denotes asymptotic equivalence 
as N • oo. The s-u.bsurvival functwns for X and Z are respectively S•x(tl = 
P(X>t and X<Z}, S* z(t) = P(Z>t and Z<X} (Peterson 1977). Subsun-ival functions 
completely characterize competing failure mode data in the sense that any 
function of the data can be expressed as a function of the subsurvival 
functions. The conditional subsurvival functions for X and Z are respectively 
S*x1x<z(t} = P(X>tlX<Z}. a.nd S*ziz<X(t) = P(Z>tlZ<X). When X and Z ha,·e 
continuous increasing distribution functions, then S*x and S•z are positive 
and strictly decreasing, and S• x(O)+ S•z(O) = I. The conditional proba.bility 
of incipient fo.ilure is <l>(t) = P(Z<XIX/\Z>l). XiZ says that X and Z are 
independent. When x.lZ, 1hen S• x and S*z uniquely determine the distributions 
for X and Z (Peterson 1977, Tsiatis 1975). When X.!.Z and X and Z are 
exponential variables, with failure rates ~ and µ.then S•.\lX<Z = S•21Z<X and 
<l>(t) ,. µ/(>.+µ) = P(Z<X) (Cooke, 1993): the maximum likelihood eslimate of>, is 
m/ (!"x, + !"z,). 
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RANDOM SIGNS CENSORING 

Perhaps the simplest model for dependent right censoring is random sign 
censoring ( called age- depenaent censoring in Cooke 1993 ). Consider a component 
subject to right censoring, where X denotes the time at which a. component 
would expire if not censored . Suppose that the event that the component's life 
he censored is independent of the age X a.t which the component would expire, 
but given that the component is censored, the time at which it is censored may 
depend on X. This situation is captured in the following 

Definitwn: Let X and Z be life variables with Z = X - {, where { is a random 
variable, { S X, P({ = 0) = 0, whose sign is independent of X. The variable Y 
= (min{X,Z), l(x<Z>l is called a random sign censoring of X by Z. 

Theorem 1 (Cooke 1993) Let (S,·, S2*) be a pair of continuous strictly 
monotonic subsurvival functions; then the following a.re equivalent: 

(1 ) There exist random variables { and X, X .J. sgn({) such that S1•(t) = P(X>t 
n {<OJ; s.·(tl = P(X- { > t n {>O); 

(2) For a ll t > O; S*1(t)/S*,(O) > S*2(t)/S*2(0). 

Condition (I) of theorem l says that the subsurvival functions S*1 and s~
2 

are 
consistent with a. random signs censoring model. For random signs censoring 
under the conditions of Theorem 1 the conditional probability of censoring is 
maximal at the origin:!l>(t) = 1/(l+S*x(t)/S•z{t) ) < !l>(O). Every set of censored 
observations is consistent with a right censoring model, but not every set of 
censored observations is consistent with a random signs censoring model. 
Assuming continuity and strict monotonicity, Theorem I says that a random 
signs censoring model exists if and only if for all t>O the conditional 
subsurvival function for failure dominates that of maintenance. Under random 
sign censoring the population of observed failures are statistically 
equivalent to the original population, hence: A - m/I;x,. Recalling the 
estimate under independent right censoring, A - m/(Ex, + EziJ, and noting that 
typically Ez; >> Ex; for reliable systems, it is evident that the independence 
a.susmption can lead to gross underestimates of the critical failure rate in 
the case of random signs censoring. 

RANDOM CLIPPING 

Perhaps the simplest model of interaction between an exponential life process 
X a warning process Z is gotten by assuming that X is always censored by a 
random amount X-Z. More specifically, we assume that Xis exponential and for 
some positive random variable W independent of X, we observe X-W. W may be 
thought of as a warning which a component emits prior to expiring at time X. 
Of course W may be greater than X, which we interpret as censoring at birth. 
Let us suppose that censors at birth are simply not recorded. Suppose in other 
words., that components emitting warnings at birth are simply repaired until 
the warning disappears, and that the false start is not recorded as an 
incipient failure at time 0. Indeed, this is wha.t usually happens. We call 
the variable X-W given X-W>O a random clipping (RC) of X. The following result 
entails that in this case A - n/'!:,z; (on this model m=O). Recall, X is 
exponential with parameter A throughout. 

Theorem 2 Let W>O be a random ,·ariable independent of X. and ll = X-W. Then 
conditional on U>O, U has the same distribution as X. 

Proof : For u E ( -oo, oo) and v = max{O,-u} we have dft"(u )= f 
0
.,,.Ae ·A\•• .. \if •. (w J. 

If u ~ 0, then v = O and f11(u)"' Ae·A• .• 
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BOUNDED RANDOM WARNING - RANDOM INSPECTION 

The variable Xis subject to random inspections. We assume that the component 
emits a warning at time X-W, before expiring at time X. If an inspection 
occurs in the interval (X-W, X), then the component is pulled off for 
preventive maintenance, and we say that X is censored by Z = 'time of first 
inspection in (X-W, X)'. If no inspection occurs in (X-W, X) then the 
component is observed to fail at time X, and we stipulate that Z = oo. If W > X 
then the component is censored at birth. We consider a random inspection 
policy described by a Poisson distribution with intensity y. For any I, the 
probability of no inspections in (t , t+I) is e --,f and the probability of at 
lea.st one inspection in this interval is 1-e --rI We assume that the life 
variable X is independent of the inspection process. We consider the warning 
variable W independent of X. The possibility of censoring at birth complicates 
the computations considerably, and this is of dubious value since censors at 
birth are seldom recorded as such. In cases where W is typically much smaller 
than X, the phenomena near the component's birth are not important. We 
therefore seek a model which avoids these complications near birth , yet which 
captures the overall behavior of independent warning times W with W<<:I.. We 
assume therefore that W is bounded by some number d, and that no warning is 
emitted by the component if it expires before d. More specifically, we assume 
W<d, W and X independent given )Qd, and W=O if X<d. The variable Y = 
(min{X,Z}, l(x<Z}l is called BRWRl(d,y). For X.?d, the probability of censoring 
is independent of X, as in random signs censoring; for X<d , however the 
probability of censoring is zero. The analysis of S*z is rather complicated 
and explicitly involves the distribution of W. However, we can extract useful 
information from S*x· P(X<Z) = S•x(O) = P(X<Zri X:,d) + P(X<Z ri X>d) = I - e--"4 

+ e--"4.Cw(y). The subsurvival function for X is given by: 

S*x(t) = { 
t :, d. 

The conditional expectation E(XIX<Z) - m/£x; is just the integral of the 
conditional subsurvival function: E(X I X<Z) = (1/S* x(O) )JS•x(t)dt = 
[(l-e--"4+e-'4£w(r))/X - de-'"(I-.Cw(X)I/S*x(O) = (1/X) - P(Z:, X)/P(X<Z) . 

Theorem 3 Let Y = (min{X,Z}, l(X<ZJ) be BRWRl(d,y); then 

X - [-fm~L + df>(~ S X) 1-l 
P( X < Z) J" 

The statistic estimating the failure rate is Jess than that in the case of of 
random signs censoring, but the difference goes to zero as d goes to zero. 

RANDOM WARNING - CONSTANT INSPECTION 

We suppose that X is inspected at regular intervals I. If a warning is seen at 
the i-th inspection, then X is censored at time Z ~ Ii. We suppose that there 
is some positive random variable W independent of X, such that X's warning is 
emitted at time X-W. In otherwords, Xis censored by Z, with Z=il if l(i-1 ) < 
X-W s Ii < X; and X is observed to fail at time X if no inspection occurs in 
th.e interval [X-W, X]. In this case we stipulate that .Z=oo. If\\' exceeds I with 
positive probability, then it becomes impossible to estimate the failure rate 
of X from censored data. We therefore consider only the case that P(Wsl) = J. 
Censors at birth are now possible, but censoring more than one inspection 
interval of the component"s life is excluded. The subsurvival function S·z is 
not continuous and has an atom at zero. 

3 
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It is convenient to mea.sure time in units of I, so tbat I = I. The variable Y 
a (min{X,Z}, l(x<Z}) is RWCl(W). Recall for O < p < I: 

L;,, pl° = pM/(1 - p) ; I;,~o I:;,; pl° = p/(1-p)'. 

Theorem 4. Let Y = (llllll{X,Z}, l (X<Z)l be RWCl(W) ; then {i) P{Z$X) = 
(1-.Cw(.l.))/{I-e·-') - n/N; {ii) >. - ln(l+n/1:z,); {iii ) sl'>(i) = e·"P(Z $ X)J.C .. (.l.); 
(iv) S*z(i)=S*x(i+I). 

Proof: {i): Counting censors at birth, we have: n/N - P(Z$X) = I:;,0 e -Ai_ 
f e-~(i+W) dFw = (1-.Cw(>.))/{l- e·-'J. 

{ii): S*z(i) = P(Z > i and Z < XJ 

= I:;,,e·Aj _ Je· A(j+W)dfw ~ .-A(i+l)(l-.Cw(.>.))/(1~-A). 

I:zi/N - I:;~.,S*z(i) = {1-.C.,(.l.))e·-'/(1-e·-')2 

= P(ZsX)e·-'/(1- e·-') . 

Hence, I:z,/n - e·-'/(1-e"°') from which {ii) follows. Using 

S*x{i) = P(X > i n X < Z) = I:;~; Je·A(i•w) df,. - e·-'U••l = 

= (.Cw(>.) - e·-')e-M/(J-e·-'); 

S*z(i) + S•x(i) = .Cw(.l.)e·-'i; 

(iii) and (iv) are calculations. • 

The failure rate of X can be estimated independently of the distribution of W, 
in fact we can estimate .C .. (>.) also, a.s (iii) shows. Note that this model is 
not consistent with random signs censoring a.s the probability of censoring is 
not independent o( a component's age. Suppose that W < d < 1 with probability 
Ol)e, then the probability of X being censored when j + d < X < (j+l) is zero. 

A constant is statistically independent of every random variable. As a special 
case of Theorem 4, we may therefore consider the case that W is a constant, 
say d with d < I. In such a model, a component issues a warning at time X - d 
before expiring at time X. Such a model is termed CWCl(d). The Laplace 
transform of a constant d is simply e -A~ We have: P(Z$X) = (1-e ·A1/(1-c ·1; 
sl'>(i) = (1-e·Ad)/(e·-'d(e°' - 1)). · 

PROPORTIONAL WARNING - CONSTANT/ RANDOM INSPECTION 

This model is similar to the previous model except that the warning is emitted 
at time X/6 if the component expires at X; with 6>1 constant. Under constant 
inspection the process is called PWCl(6). Exact solutions for this model are 
difficult. Howver if i $ 1/(6-1) then /ii $ it!, and if 6 is close to one, then 
most contributions will come from inspection periods i such that /ii $ i+l. Let 
""'" denote "equal up to effects for i > 1/(6-1)". As before, we set I = I. 
Note that there is no censoring at birth . We have: 

Theorem 5 Let Y = (min{X,Z), l ix.z)) be PWCJ, then: 

(i) .>."' -1n(1 - 20N . ) ; 
I:z; + nN + n 2 
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(ii) 6 ., -(1/ A)ln (1 -
LZ; 

2nN 

+ nN -
) 

Proof: (i): The component is censored in the i- th observation period if and 
only if i s X < i6, thus 

n/N - P(Z s X) = [if i/(6_1) 0 -A< _ e-A6i) + e-M<6-1J ., 

LitO e->.t - e->.6i = 

1 

!-<! -A 

I = o, ·- o •. 

rz;/N - r.~oS*z{i) "'L;~o L;,; e-Aj - .-A6j = .->Qr - e-A~f. 

Note that the inner summation runs over j > i, as S•z(i) = P(Z > in Z < X). 
Adding the "j = i"· term to the summation results in: 

nfN + Lz;/N - P(Z < X) + r,~oS*z(i) "' L,io LJii e-AJ - e-Alj 

= Of - Ol = (Q, - Q,HQ, + Q,J. 

Hence dividing by the first equation and solving for Q1: 

01 + 02 - I + £1,;/n; 

201 = n/N + I + J;z;/n; 

A "' -In (1 - 2nN ) . 
rz; + nN + n' 

(ii): The expression for 6 results from solving for Q2 : 

2Q2 - I + J;z, - n/N; 

6"' -(1/A)ln (1 -
rz; 

2nN ) 

+nN-n 2. 

(iii): S*z(i) = !:j>i .-Ai _ .-A6i ; S*,(i) = L ;~; .-AM_ e-A(I+!\ 

S*z(i) + S•x(i ) = e-A6•; 

IP(i) = S*z(i)/(S*z(i) + S*x(i)l = e••<6-1l/(eA-1) - 1/(e"6-J).• 

Another estimate of A can be obtained using the subsurvival function for X. if 
we make a certain simplification. If X is observed to fail, this can only oc­
cur between 6i and (i+I) for some inspection time i. Suppose the failure time 
is recorded as i+J; suppose in other words, that failures could only be dis­
covered at the next inspectioH. We should then have: 

rx /N .- r e-AM e-ACi+I) _ Q 2 e--"' 2. 
"" i - .:.,i:?:O"°'J;?:O - - 2 - "<'I ' 

Q1 = n/N + (!'x;+!'z,)/N; 

5 
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A"' -1n(1 - ii"Trx~ +fa;]· 
This latter estimate involves upwards rounding off the fa.ilure times, but on 
the other band it uses a.JI of the observations, and is therefore less sensi­
tive for sampling fluctuations. 

I 
I 
I 

The behavior of the PWCI model can be intuitively understood as follows; for I 
larger vaJues of X, the time during which the warning is on, X(6-l) gets lon-
ger and it becomes more probable that the component will be censored. The ob­
served fa.ilures times tend to be dzawn from the lower end of the distribution; 
whereas observed maintenances tend to censor the older components. This sug- I 
gests intuitively that S*z(t)/S•z(O) > S*x(t)/S*x(OJ. For PWCI variables the 
function 41(i) is increasing. Indeed, since 6>1, statement (iii) shows that 
this is the case. We must .note, however, that no failures would be observed 

1 for times X such that X - X/6 > 1, since the warning period is then so la.rge 
that inspection cannot nuss it. In otherwords, we should see no failures 
beyond x = 6/(6-1). Substituting j = 0 in Theort:m 5 (iii), we find to the 
first order: 511(0) "' (6-l)/(A6) "' P(Z s X) . Note also that the variable X/6 
follows a Weibull distribution if X is exponentially distributed. The errors 
which enter with •,.• in the estimation of A a.re on the order of 
e- ~/(6-1) /( 6-1 ). 

Suppose that inspection follows a Poisson distribution with intensity r. If 
an inspection occurs while the warning is issued, the component is 
prev·entively maintained at time Z = "first inspection beyond X/6"; if no I 
inspection occurs in the interval [x/6, X] then Z = oo and the component fails 
at X. The variable Y = (min{X,Z}, l{X<Z}) is called PWRl(y). The anaJysis of 
S*z is rather complicated, but simple results can be obtained only from S* ,. 

Theort:m 6 Let Y = (min{X,Z}, l {X<ZJ), be PWRI(r) then A - m2/ (N:!:x;). I 
Proof: Put ot = (6-1)/6. Then P(X < Z) = P{no inspection in (X/6, X)} = 

1 f Ae-(A+~<>l'dt = Af(A+<>}- m/N. Also: 

Exi/N - fS*x(t)dt =f fu> 1Ae-(A+~al"du dt = Af(A+o<)'; 

A - rrr- /(N.!:x;). • I 
Expressions can be obtained for S•,(t) and o(t), but no simple pattern 
emerges. It is interesting to compare the two proportionaJ warning models PWCJ 
and PWRI for some representative values. We measure time in units of the 
inspection intervaJ I, and choose r = I so that the expected number of 
inspections per unit time is one. Putting ot = (6-1)/6, we have to the first 

1 order: Pl'Wcl (X < Z) = (.>.-ot)/A; PFWRJ(X < Z) = A/(.1.+o<). 
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AN APPLICATION OF EXPERT OPINIONS APPROACH 
IN COMBINING MEASUREMENT RESULTS 

Meir Haim, Mordechai Jaeger and Dov Tzidony 

RAFAEL Reliability Center 
P.O. Box 2250 (22) 
Haifa 31021, Israel. 

INTRODUCTION 

The Expert Opinions approach is widely recognized in risk and reliability studies. 
According to this approach, several experts are asked for their opinions about a numerical 
value of an unknown parameter. The approach suggests a method for weighting these 
different opinions1.z. The paper describes an application of a decision making model, 
adapted for measurement problems. This model is based on the Expert Opinions approach, 
together with a loss function. Such a function should reflect the "penalty" involved in 
making a wrong decision, and therefore enables the analyst to make an "optimal" decision 
under a given criterion. The model applicability for controlling the yield of a desired 
product is demonstrated for an industrial chemical process. 

A design parameter of the chemical process, namely the optimal addition time of a 
catalyst, is estimated by various measurement methods. Each method is based on a 
different physical phenomenon and has its own possible bias and uncertainty affecting its 
characteristic accuracy. The term accuracy refers to the degree of agreement between the 
measured value by a given method and the "true" value). 

The model is used to determine the catalyst addition time in order to minimize the 
loss due to reduced yield. Thus, by integrating technological and probabilistic 
considerations, the model becomes an effective decision making tool for efficient 
production management. 

In the following chapters a probabilistic model is formulated and its applicability is 
demonstrated through an example. 

MODEL FORMULATION 

In this model 8 is the "true", but unknown, optimal catalyst addition time. The 
decision maker's state of knowledge about 8 is given by a p.d.f. n(8). Several 
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spectroscopic methods such as Nuclear Magnetic Resonance (NMR), Infra Red (IR) and Ultra Violet (UV) can be used to estimate 6. The value 61 is the estimate based on the i'th method (in our case i= 1,2,3). The uncertainty of the decision maker concerning the accuracy of the i'th method is icprescnted by a p.d.f. of the estimated 61 giv~n the "true" value 6, denoted as f(611 6). 
It is imponant to realize that each method is treated as an "expert". Pure technological considerations, concerning each method, are interpicted by a ·p.d.f. which weights the evidence procured by each "expert". This is portrayed by f(6J 6). The measurements icsultcd in by each method (i.e., 61, 62, 63), serve as new evidence for updating our current state-of-knowledge about 6, icpICSCntcd by lt(6). The updating process is performed coherently via Bayes theorem: 

n(8)1(8118)1(81 18)1(8318) 1t"(8) - ----------­! n(61
) 1(81 le')1(82le')i(83le')de' 

~ 

n•(6) is the updated state-of-knowledge about 6, based on: - an a priori state-of-knowledge distribution lt(6). - evidence 61, 62, 63 (i.e., measurement results). 
- accuracy of each method, interpreted by f(6/6). 

(1) 

The objective is to calculate the best estimate for 6, associated with optimizing a loss function. An erroneous assessment of 6 leads to a reduction in the production yield. The analysis is tackled as a decision making problem concerning the catalyst optimal addition time 6. 
We defme a loss function l..(6

0 ,8) which icflects the penalty associated with the "gap" between the assessed value 60 and the "true· value 6. The commonly used approach involves selecting the value 60 which minimizes the expected loss (i.e., Bayes decision rule): 

Min f 1t
0 (6)L (6 

0
,6)d6 

e. e 

APPLICATION 

A General Reaction 

Suppose a reaction of the type: 

Catalyst 
A+B - D - E 

\ 
F 

(2) 

The desired product is E. In order to obtain a high yield, the catalyst should be added to the reaction vessel when the concentration of the intermediate D reaches a certain level CIM at time 6 (the order of magnitude is about one hour). The concentration level 
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level ~ at time 8 (the order of magnitude is about one hour). The concentration level 
(from which the actual catalyst addition time is derived) can be measured by various 
physical methods, e.g., NMR, IR, UV. Each of these methods is based on a different 
physical effect with its unique level of uncertainty. Since the levels of uncertainty are 
different for each of the models, so are their respective accuracies. 

Accuracy Evaluations 

The parameter of interest 8 is ( derived from Cu,J; therefore, the accuracy of each 
method is estimated by evaluating the probability of being above or below 8. Given that 
the order of magnitude of 8 is about one hour, the deviations of each method are given in 

· minutes. In this manner each method's accuracy is described by some distribution. 

NMR In this method there is an equal probability of being above or below 8. 
However, it is believed that there is a fairly high probability that the deviations will not 
exceed 15 minutes. Hence, a normal distribution with µ=6 and o= 7.5' is assumed. 

/(81 18) = exp - - _ I_ 1 [ 1(8 -8)21 
,/Et a 2 a2 

(3) 

IR In this example this method is not symmetric since there is a greater chance to 
underestimate the "true" 8. Suppose that it is plausible to be up to 30' below 8 or up to 
10' above 8. Therefore, a triangular distribution is assumed: 

0-0 
0.05(1-(---!)J 8-30<82s8 

30 
(4) /(82 I 8) = 0 -0 

0.05(1-(..L._)J 8<82s8+10 
10 

0 
' 

else 

UV. In this method the deviations are symmetrical but relatively large :30'. Hence, 
the appropriate distribution is uniform. 

State-of-Knowledge Distribution 

0- 30<8
3 
s:8 + 30 

else 
(5) 

A uniform wide range state-of-knowledge distribution was selected. It reflects a 
relatively high degree of uncertainty about 8. 

7t (8) = { ~JR 8<8sR 
else 

(6) 
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Loss Function 

The "penalty" for a wrong decision in our case is approximately proportional to the 
difference between 8 and 80, and therefore the loss function L(8

0
,8) is: 

where K is a given constant (K>O). 

Results 

The measurement results in each method are: 

e1 = so min , e2 = so min , e, = 60 min 

(7) 

The updating is performed numerically according to Equation (1) and Bayes decision rule 
(Equation (2)) results in: 

a· = 11 min • 
A sensitivity analysis was performed to examine the effect of a wrong decision on the loss 
function. The results indicated that a bias of ±5 minutes from the optimal value a• 

0 
increases the loss function by approximately 50%. 

CONCLUSIONS 

The described approach was found to be an effective tool in a decision making 
process. It intelligently combines measurement results which were evaluated by different 
physical methods. · 

It may be applied to other applications for measurement of water resource 
contamination. 
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SOME THOUGHTS ON THE REQUIREMENTS FOR A SECOND GENERATION 
HtJMAN RELIABILITY ASSESSMENT PROCESS 

Anthony J. Spurgin 

Consultant 
42 52, Hortensia st., 
San Di ego, CA. USA. 

INTRODUCTION 

Current Human Re l i ability Assessment (HRA) techniques are 
being questioned by many people in t erms of t heir usefulness 
in r epresenting the rel iabil ity of o rganizat i ons and persons. 
For examp l e , Ed Doughert y, J nr. has argued eloquently for t he 
need for a second phase in the devel opment of HRA methods 
(Doughert y, 1990). I agree with Ed's premise that HRA 
devel opments are needed. This is not to in fer that a ll that 
was done before was wrong . But rather as our knowledge of 
the fi eld expands, this shoul d be re fl ected i n i mproved 
methods and increased awa reness of t he source of human 
errors. These i mprovements s hould not only i n q uantification 
methods, but i n t he representati on of humans a nd 
orga nizations i n r i sk models t o help i mprove t he safety of 
high risk operations. 

BACKGROUND 

By many accounts, the i nfluence of h umans on t h e plant 
accidents i s conside r ed to be in the range of 60% t o 9 0%. I f 
this is correct then our emphas i s should be mo r e on people 
and less on equipment . This is not to say that systems have 
no in fluence on safety, but rather that t h e approach should 
be b a lanced . Human reliability has been under-pl ayed in the 
PRA b usiness, pri marily due to t he s l ow rate of development 
of HRA methods. The perspecti ve of some authorit i es is tha t 
we cannot do anything about predicting human r eliabili ty , 
t here fore t he safet y of high r i sk systems be obtained by 
designing out humans. This attitude has no t he l ped to 
improve human re l i abi l ity methods . 
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CO'RRENT BRA METHODS 

There have been a number of reviews of the human reliabl e 
methods, for exampl e Haney et a l , 1989 . Three basic methods 
have been developed, THERP, Time Reliabil i ty Curves (TRCl and 
expert judgement methods. 

Cri ticism has been level led at THERP, saying that it is 
too mechanistic and negl ects the influences of cognitive 
behavior. I t is difficu lt to get consistent results and is 
not plant specific. These criticisms have been around for a 
long time but the met hod continues to be used 

The t ime re l iability curves of which there are a number, 
i nc luding Hannaman, Spurgin and Lukic, 1 984. TRCs are to 
various degrees connected to operator response data from 
simul ator s. TRCs are closer to operator re l iability than 
THERP, but TRCs are not normally of direct use in PRAs, 
except for time l i mited situations. However, simulator data 
can be used to support the HRA, I t is of use to Operat ions 
and Training(Bareith et al, 1993). 

Expert judgement methods l i e at the heart of the majority 
of PRAs. The task is often accomplished by interviewing 
operators and instructors, This approach is very suspect, 
depending as it does on the assessment of supposed experts. 
Many of the HRA experts lean on the use of operators as 
domain experts. Simulator exercises have shown, that 
operators are not very aware of their shortcomings. 
Instructors are a bett er resource, but even they are not that 
good, since t hey are not aware of crew to crew variability in 
performance. One advantage of the expert judgement method is 
that it is c l ose to plant conditi ons . From my interviews of 
instructors, they are able to point out differences between 
expected a nd actual operator reliabil ity. Thi s an advantage 
over t he application of e i ther THERP or TRCs for the HRA 
process. 

The EPRI Operator Reliabi lity Experiments study (Spurgin 
et al, 1990) produced generic TRCS that coul d be modified by 
a specific task median times, thus approximating to p l ant 
specific val ues. The approa.ch only useful for HRAs, when the 
available t imes are within the range of the TRC. 

Simulator data shows that operators' responses can range 
from very consistent to inconsistent depending on the 
influence of procedures, MMI and training. 

REVXEW OF ACCIDENTS 

Detailed examination of real accidents can indicate how 
persons and equipment i nteract. Often in building analyti cal 
models of situations, we make simplificat i ons which may or 
may not be appropriate. By examining real accidents we can 
raise questions that cal l he lp us better understand t he 
situat i ons we are analysing . We can see if we making the 
correct set of assumptions about how persons interact with 
the equipment and each other. 

Over the last few years, we have seen a large nµmber of 
accidents involving nuclear and chemical plants, aerospace 
vehi cles o f various kinds, fe rries, oil rigs and tankers, 
t rains and trucks, gas pipel ines and medical equ~p~ent. 
Examination of the accidents clearly shows the central r ole 
that management plays in safety. The revi ews indicate :::-.e 
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strong interactions between operations , 
management . No part of society seems 

maintenance 
to be free 

and 
of 

accidents. Problems abound! 
The us nucl ear industry i s relatively good , when it comes 

to absol ute measures of numbers persons ki l l ed or injured. 
Howeve:r, the impact of the need to s urvive may cause this 
record to change unless steps are taken to preserving safety 
whi l e increa sing cost effectiveness, i . e . , reducing O&M 
cost s . 

Management sets the tone of an organization and for the 
most part t he staff are compliant wi t h the wishes of 
management. The influence of Management has to be included 
in the HRA if we wish to understand the influence of humans 
on plant safety. The separation of operations and 
maintenance as modelling in t he PRA i s not justified, un l ess 
t here are strict r ules enacted and supported by management 
action. For exampl e, the Piper Alpha acci dent was in part 
caused by t he interaction between operations and maintenance 
and condoned by management. Management was he l d accountabl e 
by t he e nquiry. In more and more cases, management is found 
to be partial ly accountable for accidents . This is true in 
t he case of Bhopal, the Kings Cross underground fire, 
Chernobyl and various tanker spills. 

LESSONS DRAWN FROM REVIEWS 

The study of accidents shows that a l l aspects of the 
organization have an i mpact on the initiation and sequence of 
acci dents. If we are to reduce t he f r equency and 
consequences of accidents we need to be able to predict the 
interactions between the various parts of an organization . 
Management is s i gnificant contributor to both safe or unsafe 
practices. Management decides on the budgets and what 
aspects should be emphasized, i.e. product i on or safety, 
etc. Also, even small changes in management policy can 
effect the morale of the staff l eading to s i gni ficant changes 
in plant safety. 

RECOMMENDATIONS FOR DEVELOPMENTS IN BRA 

The next generat ion of HRA techniques needs to focus on 
the holistic effect s of all aspects of plant organization on 
saf ety. To ignore the influence of management on training, 
maintenance and the mQrale, is to mi sest i mate the reliability 
of the various operat ions . This is particul a r ly the case 
when an organizat ion is undergo ing large and rapid changes in 
working conditions . In stable worki ng e nv i ronments, it might 
be possible to assume that the various parts of an 
organization can be considered to be independent of each 
other. Thi s is not the case for o rganizations in tur mo~l. 
Organizational influences introduce dependencies not 
accounted fo r in the previous HRA methods. 

In addition to worrying about how to incorporate 
management i nfluences into the HRA process, t here is a need 
to improve t he current person-focused HRA tools for 
quantif ica t ion and representation. There seems to be an 
attitude that it is possibl e to predict human reliability 
without understanding working conditions , i . e . we ca:-. make 
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predictions without observing the work place activiti es. 
Errors are induced by the working situation this includes 
procedures, the man-machine interface, training, etc . , as 
well as the morale of t he staff. Morale can affect t he 
person's attention to detail, hence induce a higher error 
rate. 

Currently we are using deci sion tree formulations i n a 
number of HRA studies to help model these various influences. 
The decision tree approach i s based on an integra t i on of 
s i mulator results and expert judgements . This approach 
offers the capabi l i ty of combining data, and expert judgement 
in a scrutable way, so that one can examine the assumptions 
that t he HRA analyst is making. The tree headings and their 
order reflect t he importance of the various contributing 
factors . The structure of the trees reflects the inf luence 
of the combination of events which result in the end state 
probabili ties. The simulat or results provide information, 
whi ch aids the analyst select the headings and their order . 
Data on operator responses a l so help to determine the 
probab ility distributions of t he end stat es. This process 
enables the simulator results to be integrated into the HRA 
process. The simul a tor is a useful tool for helping t he HRA 
analyst understand the operators, unfortunatel y it does not 
supply all the answers. 

It appears that a number of HRA analysts have difficulties 
with simulator results since it does not exactly match actual 
situations . I can appreciate their concerns, but ask the 
question what e lse is availabl e that is better? I suggest 
the rather than resist i ng the use of simulators, we should be 
interested in using these vehicles to improve our 
understanding of human reliability and how it is affected by 
various situational factors . The influence of these factors 
can be transfer red to other situations, which are not 
simulated. The simulator should be used for HRA research to 
answer questions about the influence of a number of things on 
operat ors. Some research has been carried out on the impact 
of various ways of controlling accidents, based on the use of 
procedures, operator knowledge, etc., in terms of their 
effectiveness. This kind of work was very useful in 
establishing t he relat ive effectiveness of the var ious 
approaches, but more needs to be done. Without some of the 
basic work being carried out the results o f the HRA is less 
s i gnificant. There is a need to carryout more basic research 
on some of these issues. 

In summary, most of the current methods do not satisfy the 
need for accurate plant speci fic HRA methods and there i s a 
need to develop better methods. It is my opinion that the 
simul ator i s a u s eful tool to help fulfil tha t need . Al so 
the steps that we have taken to integrate the simu lator 
resu lts i nto a decision tree s t ructure is a move in t he right 
direction , but more needs to be done especially for 
situations l i ke maintenance and testing . 

The r ole of management needs to be fully factored into the 
HRA work, especial ly for organizations i n transition . The 
current work on t his aspect is in the early stage of 
development. I t is an i mportant issue and needs to be 
seriously addressed . Problem managements can have a pr ofound 
effect on the safety of operation of high risk plant and t his 
is i llustrated by t he record. Management needs tools to 
inform them of the consequence of their deci sions before the 

I 

I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 

I 
I 
I 



I 

I 
I 
I 
I 
I 

I 

11 
I 
I 

I 
I 
I 
I 

organizations r u n into problems, much the same as their 
financia l tool s provi de! 

REFERENCES 

Bareith, A. et al . , 1993, On the use of Data Collected during 
Operator Reliability E.xperiments at Paks NPP , PSAM II, 
San Diego, CA. 

Dougherty, E. M., 1990 , BRA - Where Should Thou Turn? 
Reliabil i ty Engineeri ng and System Safety, 29 (3), p. 
283- 299 . 

Hannaman, G. W., A.J . Spurgin and Y.D.Lukic, 1984, Buman 
Cognitive Reliability Model for PRA Analysis , NUS 
Corporation . San Diego, Draft EPRI report, Electric 
Power .Research I nstitute, Palo Alto. 

Haney. L.N . , et al., 1989 , Comparison and Application of 
Qua~titative Buman Reliability Analysis Methods for Risk 
Methods Integration and Eval uation Program (RMEIP) , 
NUREG / CR- 4835 (1989). 

Spurgi n, A.J . et al., 1990, Operator Reliability Experiments 
Using Power Plant Simulators, EPRI NP-6937 , Electric 
Power Research Inst i t ute, Palo Alto, California. 

054 - 5 



I 

I 
I 
I 

I 
I 

I 
I 
I 
I 
I 
I 

THE NEED FOR. AND A PROPOSED STRUCI'URE OF, 
A SECOND GENERATION HRA METHODOLOGY 

Gareth W. Parry 

NUS 
910 Clopper Road 
Gaithersburg, Maryland 20878 

INTRODUCTION 

The numerous Probabilistic Safety Assessments (PSAs) that have been performed 
for nuclear power plants have highlighted the importance of considering the impact of 
plant personnel on the potential for severe accidents. While some effort has been 
expended on developing approaches to represent this impact by incorporating human 
error basic events in the structure of the plant logic models·the event trees and fault 
trees-(see Wakefield et al, 1992), considerably more effort has been expended on 
developing methods to estimate human error probabilities (HEPs) for those events. 
From the point of view of impacting the risk from full power operation, it is generally 
assumed that the most important set of human interactions are those that represent 
the responses of the operating crew that follow an initiating even~ and that are carried 
out using guidance from written procedures, which include emergency operating 
procedures, abnormal operating procedures, annunciator response procedures, etc. 
The human reliability analysis (HRA) approaches that have been used in PSAs have 
been criticized on several counts, and there is an emerging consensus that improved 
methods are required (See for example, Dougherty, 1990). This paper presents the 
author's views on why improved methods are needed, and gives some suggestions on 
what form a new HRA approach for use in conventional PSAs should take, and how 
this might be developed. 

A CRITIQUE OF CURRENT PRA PRACTICE 

Two of the major criticisms of HRA approaches used in PSAs are; (a) they do not 
generally address errors of commission, and (b) there is no universally accepted, 
theoretically sound method of quantifying human error probabilities. 

Errors or Commission 

Interactions that are associated with operating crew responses following an 
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IIlltiaung event are usually introduced into the plant model through a binary, 
success/non-success logic; failures are mode!ed as occurring from non-response, i.e., 
as errors of omission. Other failure modes, such as specific inappropriate acts 
resulting from human error, and which cause transitions into or between different 
accident scenarios, are rarely explicitly identified, and the impact of their consequences 
is therefore missing from the model. Because, ultimately, PSA scenarios can be 
interpreted in terms of the availability /unavailability or configuration of the plant 
equipment, it can be argued that most possible scenarios are already imbedded in the 
structure of the logic model. However, as implied above, their frequencies are not 
estimated correctly unless the probabilities of transition between scenarios due to 
inappropriate actions have been factored in. These inappropriate actions are the 
errors of commission of most interest to the PSA analyst. 

Quantification of HEPs 

Several different approaches have been proposed for the estimation of human 
error probabilities. Most approaches are based on the premise that the HEPs can be 
expressed as a function of influencing factors, sometimes called performance shaping 
factors. It is in the approach to determining what are the key influencing factors, and 
characterizing the impact of those influences, that the differences lie. Some 
approaches explicitly address several performance shaping factors (Williams 1988; and 
Embrey 1984 ), while others pick out a small number of key factors (Spurgin et al 1990; 
Dougherty and Fragola 1988). It is generally true, however, that there is relatively 
little in the way of a firm theoretjca! basis for any of these models, although there may 
be some empirical support for their applicability. 

In their defense, however, the models do have one major feature in common. 
They all attempt to increase the HEPs from scenario to scenario, as the scenarios 
become more demanding. In this way, an attempt is made to capture the scenario 
dependence of the error probabilities in a relative way. 

A major issue associated with quantification is how to address probabilistic 
dependence. In many· PSA models, several human interaction basic events may occur 
in the same accident sequence cutset, or scenario des!=ription. These events may not 
be independent; the probability of the second, third, etc~ may be a function of whether 
the first failure event occurs. This dependence generally implies some shared cause, 
or influence factors. Current models do not address causes explicitly and have 
difficulty in addressing this dependence quantitatively. A consequence of ignoring this 
dependence is the possibility of inadvertently suppressing the importance of human 
responses in certain scenarios. It is true, however, that PSA analysts are aware of the 
possibility of such dependencies, and attempt, on the basis of certain guidelines, to 
identify the scenarios where such dependency exists, and to· ensure that they are not 
screened out of the analysis too early (Wakefield et al., 1993). 

GENERAL STRUCTURE OF A METIIOD FOR THE ANALYSIS OF ERRORS IN 
A SYSTEM CONTEXT 

One possible solution to address both the issues of dependency and errors of 
commission is to develop a human reliability .analysis method that is based upon an 
explicit consideration of causes of error. This paper presents a possible approach to 
developing such a method. 

It is assumed that the ultimate goal is to develop a predictive theory of errors as 
they are manifested in terms of the impact on the system. The theory should be 
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predictive not in the sense of identifying when an error will be made, but in having the 
capability of recognizing the signature of panicularly error prone situations or 
scenarios and of providing a means of assessing the relative likelihood of the different 
error expressions in these different scenarios. The interface with a PSA systems model 
is in the definition of these error expressions. Le., how the errors are manifested in the 
context of the system. There are several categories that could be considered, for 
example; a. inadequate response, which can be divided into no response, slow 
response, or premature response, or b. alternate response, of which there may be 
many possibilities. In general, as discussed earlier, only no or slow response are 
normally modelled in current PSAs. 

The definition of an error expression is completed by specifying which specific 
equipment is affected and how. An error expressjon can, therefore, be equated with 
a fajjure mode of a piece of equipment or of a fµnction. As will be seen in the 
following, this "error" in the timeframe of the operator interactions with the system is 
not necessarily an isolated point event, but more generally, corresponds to failure of 
a process. 

For each error expression, the theory should recognize that there are different 
error modes, corresponding to proximate causes of the error expression, e.g., chose 
incorrect procedure, failure to see alarm, etc. An error mode is a quasi­
phenomenological description of a failure mechanism as it is manifested in the 
interfaces between the operators and the system and/or information base. The error 
modes give some explanation of how the failure (or error expression) occurred and 
what the associated error was, but not why the error was made. Typically errors may 
occur in the operator information interface, in the formulation of a response, or in its 
execution. 

The next level of detail involves identifying for each mode, error mechanisms or 
.error causes which explain why the error occurs. It is assumed that it is appropriate 
to characterize human error occurrence in a probabilistic way, and that. for PSA 
purposes, this explanation may be best characterized in terms of scenario specific 
factors we will call performing influencing factors <PIFs}. 

Errors, in a PSA context, are, as stated previously, failures of a process, and that 
process, in most cases, allows recovery from an initial error, partly because the inertia 
of the system does not lead immediately to failure of vital equipment., or to an 
irreversible plant state, and the operators can receive feedback from the plant. 
affording them the opportunity to recognize and recover from errors. Therefore, in 
modeling human interactions, and estimating the probabilities of error expressions. it 
is therefore important to incorporate recovery mechanjsms. Since different error 
expressions result in different system responses, the feedback to the operators will also 
be different, and will impact the potential for recovery. The potential for recovery is 
also a function of the error cause. For example, errors of intention are generally fell 
to be less likely to be recovered than are simple slips. 

The above considerations suggest that a cause-based HRA model should recognize 
that the different error causing mechanisms may be affected by different PIFs and that 
they have different recovery potential. One model having some of these characteristics 
has been reported in Parry et al., ( 1992). In a model based on this concept, an error 
expression is the logical sum of contributions from several error modes, which in tum 
can result from several error mechanisms modified by appropriate recovery 
mechanisms. 

This can be expressed symbolically as: 

P(EJS) = I: I: 
J 

I: P;,(S)P .)"'(S) 
k 

·(I) 
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where P(E IS) is the probability of error expression E in scenario S, _P;;(S) is the 
probability of mechanism i resulting in mode j in scenario S, and P ./'' (S) is the 
probability of non-recovery from mode j, mechanism i via recovery mechanism k in 
scenario S. A scenario is a snap-shot of the system in terms of the status of its 
component parts and the parameters that are used to trigger the human interaction, 
and also of the influence factors that are judged to impact human performance ( the 
PIFs). 

DEVELOPING AN HRA MODEL 

The key issue in developing an HRA model that fits into the framework described 
above is how to identify what (measurable) PIFs should be used to characterize the 
scenarios, and how to represent their impact on the HEPs. It is clear that PIFs will 
not be equal in their impact, and are not independent; for example, stress may be 
determined by the combined impact of factors such as workload, rate of change of 
plant parameters, etc. Other PIFs can influence each other by reinforcement, or they 
can counteract each other; for example, training is a good defense against unclear 
procedures. It should also be remembered that a PSA scenario is really representative 
of a population of possible realizations of that scenario and therefore the PIFs are also 
representative of average characteristics of that population. 

While it may be possible, by studying data, to gain some understanding, of how 
PIFs should be measured and how they influence the propensity for errors, 
development of models of error mechanisms can provide considerable insights. In 
characterizing potential causes of error we need to identify both the internal 
mechanism (internal to the operator), which explains why he committed the particular 
error mode, and external causes representing events external to the operator that have 
an influence on his behavior. 

To proceed further it is necessary to adopt a cognitive model. The model most in 
favor with HRA analysts (sec for example, Cacciabue and Hollnagel, 1993) is that of 
Reason ( 1990). Briefly described, this model has two principal components, a working 
memory where potential solutions are evaluated, and the knowledge base which stores 
potential solutions, To create a predictive model applicable to a specific scenario it 
is necessary to characterize the knowledge base as it relates to that scenario (the 
signature of the scenario), and to specify the retrieval rules, and the evaluation rules. 

In the analysis of common cause failures the concepts of trigger events, and 
conditioning events (Paula ;ind Parry, 1990) have provided an useful approach to 
understanding historical events. Conditioning events create the conditions that 
increase the susceptibility of the system to failure, but the actual transition to failure 
requires some trigger event to occur. In the case of human error, this will have the 
utility of separating PIFs into those whose effects are established prior to the event and 
influence the structure of the knowledge base, and those which are related with the 
characteristics of the event and which affect the retrieval and evaluation process. 

To illustrate how this model can provide guidance on how to identify appropriate 
PIFs, consider first an inappropriate action resulting from misdiagnosis. Based on 
Reason's hypothesis that the dominant cognitive primitives for information retrieval 
are similarity matching and frequency gambling, it is reasonable to propose that 
scenarios that are candidates for misdiagnosis are those whose signatures are similar 
to those of other more commonly experienced or expected scenarios. This model 
implies that for an error to occur there should be a common subset of factors that 
define the signature of the actual scenario, and that scenario erroneously assumed by 
the operator to be what he is responding to. Therefore, one of the PIFs for this PSA 
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model might be some comparative measure between the signature of the actual 
scenario, and that of the incorrectly identified scenario. In this way the PIF measures 
would differ for different error expressions, i.e., different misdiagnoses. Another PIF 
might be related to the relative frequency of training on the "related" scenarios. These 
are examples of conditioning PIFs. The trigger PIFs could be those that create 
conditions under which the similarity might be enhanced. Candidate PIFs are those 
which lead to obscuring or distorting some necessary information, or which force 
hurried decision as a result of information overload for example. These PIFs in 
contrast may be absolute rather than comparative measures. 

PIFs associated with the recovery process must also be addressed. Recovery can 
be effected in many ways, e.g., (a) by another crew member performing an 
independent assessment, (b) by an alarm which draws the operator's attention to the 
fact that the initial response bas not resolved the problem, or indeed has created a new 
one, ( c) by monitoring the plant, allowing the operator to realize the result of the 
action he took is not in accordance with his expectations, and reanalyze the situation. 
These all involve information gathering, decision-making, and action. However, they 
are different in detail for the different recovery mechanisms. For example, in 
mechanism (c), information is gathered in a directed way, whereas in (b) it is not. 
Perhaps of more serious concern is the fact that for both (b) and ( c ), there is a danger 
that the same sort of error made initially in .the decision mode, is propagated through 
the recovery opportunity. This would occur, for example, if there was a strong mind 
set that the original decision was correct, and that therefore something else must be 
wrong. 

In any case, it is reasonable to suggest that the potential for recovery is, in some 
way, a function of the difference between the signature of the incorrect state and that 
of the correct state, or, for execution errors, that of the state the operator thinks the 
plant is in. In this case, some PIF measures should reflect the quality of the feedback 
and might be measured as a function of the difference in the signatures of the correct 
and incorrect scenarios. 

To summarize, what we are suggesting is that investigating mechanics of error 
causation can provide potentially useful suggestions on ho.w to characterize scenarios 
so that those that can. potentially lead to error may be clearly identified. In particular, 
because it appears necessary to consider comparative measures to represent · some 
PIFs, it is suggested that it is not sufficient, when considering error potential, to 
consider the characteristics of a scenario in isolation, but that those of potential 
alternate scenarios· must also be considered. An example application of these ideas 
to the analysis of errors of commission is presented in Parry et al., 1994. 

CONCLUSION 

This paper has presented some ideas on the form of, and an approach to 
developing an improved HRA method for use in PSAs. This approach is based on an 
attempt to understand error causation in a detailed way. 

The cycle of committing errors and recovering from them is a highly dynamic 
process, and a dynamic PRA approach is a valuable tool to investigate the 
characteristics of the operator model. One such approach is described in a paper at 
this conference presented by Professor A. Mosleh from the University of Maryland. 
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