Universidade Federal do Rio Grande do Sul

Programa de Pd6s-Graduacdo em Engenharia Civil
Laboratorio de Dinamica Estrutural e Confiabilidade (LDEC)

CONSIDERATION AND QUANTIFICATION OF
UNCERTANTIES IN NPP DESIGN AND OPERATION:
A VIEW AFTER KASHIWASAKI AND FUKUSHIMA

RECENT EVENTS

J.D. Riera

Federal University of Rio Grande do Sul, Porto AledRS, Brazil




Introduction

Repeating the first paragraph of a recently sulechitbaper
(Uncertainties 2012), | will begin this presentation by quoting
Aristotle, who observed thamost debates would instantly deflate If
disputants would care to define their ternifis applies as well to
the debates sparked by Kashiwasaki-Kariwa and ltdushima
events, that will be discussed at the end of tbeife.

In this context, few other notions in the histofysasience have
been subjected to monaterpretationsthan probability. In fact,
since the XVIII Century, the meaning of probabillgmains at the
center of heated debates on the matter.




Introduction

The basic issue is the needqugantifythe intensity of our beliefs
about whatve perceivein the first place, and abomnbtions reached
at after more complex mental processes, in secadacdep This
Intensity is denoted ashcertainty.

It Is obvious that probability, as well as otherteatative
mathematical theories proposed aseasures of uncertainty
(Bernardini, 2000) are simply mathematical mod#lat may prove
useful to for that specific purpose.




Introduction

One additional, rarely considered difficulty, istpast events are
gualitatively different from future eventk flagrant contradiction
with hundreds of fiction storiest is not possible to travel to the
past The past is real, in the sense that it cannahlaaged.

If this view is correct, then uncertainty about apgst event
should be distinguished from uncertainty abouttdl (®nexistent)
future event.




Introduction

A proposal advanced by the author (Riera & Rocl®®,7] is to
employ likelihood denoted herein by (Wahrscheinlichkeitin
German, verosimilitud in Spanish, vraisemblance in French,
verosimilhancan Portuguese) to designate uncertainty about & p
event, and proneness,denoted by P (Neigung in German,
propension in  Spanish, propension in French, propensao in
Portuguese) to designate uncertainty abdutuae event.




Introduction

The last term has already been used by Blockle§QRrand other
authors, but with a slightly different meaning. Bldhat the essential
Issue Is the need to differentiate our uncertaatiput past events
from our uncertainty about future events, not therds chosen for

such purpose.

How to measurdkelihood L or proneness s another matter, to
be discussed next.




Measures of Likelihood and Proneness

This Is a problem that exceeds the realm of rditgltheory. It
demands a cooperative effort among branches oh@&gjesuch as
physics, psychology, neurology and mathematics.

For engineering purposes, Bernardini (2000) presanunified
treatment of mathematical measures that may be tesegiantify
likelihood and proneness. These are (a) the axiontheory of
probabillity, as formulated by Kolmogorov, (b) Zatsetuzzy sets or

possibility theory, (c) convex modeling and (d)eival analysis,
through the theory of random sets.




Measures of Likelihood and Proneness

Note that likelihood and proneness agzessarilysubjective, that
IS, bothdepend on the observdvloreover, in our view, it makes no
sense to speak efibjective probability.

In connection with the widespread usage of the térm germane
to quote Pinker (1997) who, after a discussion h& tgambler's
fallacy"- expecting that a run of heads increasesctimances of a tail
- observes thatprobability has many meaningene is the relative
frequency In the long run, another is the subjectionfidence about
the outcome of a single event”.




Measures of Likelihood and Proneness

Thus both likelihood. and pronenesB are assessed rationally as
well as subconsciouslylf a scale is used to measuionally
assessed likelihood or proneness, a scale to neeatheir
subconscious components appears to be just as saeges
However, these issues are beyond the scope of theem
discussion.

The preceding argument implies that thgssessment of any
Individual observerbeing subjective, will be affected by an interng
bias or error.

The properties of this biag,e. of the subjective filter, are
Important in evaluating the possibility of reducitige degree of
subjetivity of risk assessments.




Bayesian and Classicall Staticians

Singpurwalla (1988) states that "probability is aysconditional,
conditioned on all the background informatidrthat we have at the
time we quantify our uncertainty - the now time. Tihe&ckground
iInformationH will include all previous data, if any. Givéih, that is,
conditioned onH, the probability of occurrence of an evdat
denotedProb(E|H), is a number between 0 and 1".

With the terminology proposed herein, it seems obyithat when
Singpurwalla refers tgrobability, he meangroneness (assessec
with a probability measureMoreover, it is also clear that ®vent
Singpurwalla has an occurrence in mind, such atutbesfailure of
a mechanical component.




Bayesian and Classicall Staticians

Classical staticians treat data with religious z€avnsequently,
misgivings in connection with the bayesian approach rooted In
the fact that in the latter the available evideseems to beinduly
mixed up.

In assessing the Pronend3&) of the future outcomeE of an
experiment or observation, it is reasonable torte®othe relative
frequency of occurrence similar events in the pa$(E).

This Is the usual response In engineering whenoccurs
repeatedly in time. But even in such case, it mightvise to keep Iin
mind, whenever @arobability measures proposed to quantifi?(E),
that the latter does not necessarily satisfy theetlxioms.




Bayesian and Classicall Staticians

If a future evenk is by definition uniquethen its Pronenes¥E)
cannot be assessed by resorting to a past relfi@geency. The
associated notion of probability becomes meanisglagthough a
probability measure (a dimensionless number varyiam zero to
one that satisfies the basic axioms of the theamght still be used
to quantify the proneness of the eve(iE).

Finally, no consideration Is currently given in iability
assessments to the influencd”tienomenological Uncertaintissue
discussed by Riera and Rocha (1997) in connectitmemgineering
systems. The issue received renewed attentionsiiglatly different
context, inThe Black Swaflaleb, 2007).




Description and Quantification of Uncertainties

In Structural Engineering, uncertainties are usua
classified in the following groups:

(1) Uncertainty derived from the random nature adds

and external actions (input).

(2) Uncertainties concerning material propertiesdan
dimensions (system)

(3) Model Uncertainty
(4) Phenomenological Uncertainty
(5) Human Error




Description and Quantification of Uncertainties

In the development of Structural Reliability, inrpeular, as well
as in engineering applications in general, thd fi® groups have
received most of the attention and may be congddtdly
developed fields.

Model Uncertainty, Phenomenological Uncertainty dtaman
Error, on the other hand, have been rarely exlylicddken into
account in Reliability or Risk studies or in NPPsig@. However,
there is Is an increasing awareness of their irapoH.




Model Uncertainty

In spite of its importance, the subject receivex vittle attention
until the end of the XX Century. A project conduttey CIGRE
(1990) to determine the variability in the responsk steel
transmission line towers due to the mechanical inadepted by the
designer constitutes an excellent introductiorhogubject.

A group of twenty seven international designersiyaea two
standard transmission line towers, witgwven dimensions and
material properties under an equallycompletely defined wind
loading




Model Uncertainty

Each designer, employing his own methods and caenpu
programs, determined the axial forces and the gtinen of
preselected bars and the load-carrying capacitheftower for the
given wind load In spite of the simple structures of the towexs,
large variability in the computed response was fiedli The CV
(coefficient of variationpf computed axial forces in tower element
was around 10% while the CV of computed tower lngdiapacities
exceeded 30%




Model Uncertainty

Also in relation to TL towers under static loadingaminski Jr.
(2006) estimates in 3% the contribution of modetartainty to the
coefficient of variation of axial loads in tower mbers. In case of
dynamic excitation, model uncertainty leads to fioeits of
variation that are considerably larger.

Cargueja and Riera (1997) report results of theagya analysis of
a turbo-generator foundation employing three ogifeiFEM models
of the structure. The frequencies of the first iemdes predicted by
the models presented a mean CV close to 6%. TheofCYhe
predictions of peak dynamic displacement was dios9%.




Modell Uncertainty.

Soll Proefile at centre of reactor building (Angraz2 NPP)
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Model Uncertainty

PseudcAcceleration spectra at rock interface and solil stace (10% g)
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Modell Uncertainty.

PseudcAcceleration spectra at rock interface and soil stace (1% g)
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Model Uncertainty

Additional assessments of model uncertainty In nseissoill
amplification studies were conducted by Capelli &dra (1993).
The objective was to determine the error that tesfrom uni-
dimensional models (as in the previous example)chwvheglect the
Influence of the other two seismic acceleration gponents.

On the basis of a limited number of simulationserRi(2010)
suggests an expression for the expected valueeotdkfficient of
variation of the spectral amplitudes at the surfafcsoft soil sitesin
terms of the PGA at the underlying rock interfaapplicable to
standard engineering solutions:

liey = 0.05 + (PGA/Q) (PGA/g) < 0.5




Model Uncertainty

Two important projects, which are expected to ywdtliable data
both on model uncertainty and analyst qualificatiehould be
mentioned before closing this section: the BARCOdjétt (Singh,
2009) that examines the problem in connection a&ittontainment
vessel subjected to internal pressure, and the PRbdfct, concerned
with predictions of the dynamic response of reioéol concrete
plates to impact.

Some preliminary results of the BARCOM Project whie
advanced next. Next Figure shows a view of the Hmibdel in
which a DEM panel with 800000 DOF was inserteddtednine the
ultimate pressure of the Tarapur NPP containmenictsire,
schematically shown in the Figure (Riettaal,2010).




Modell Uncertainty.

FEM model of Tarapur NNP containment building (India)
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Model Uncertainty

Tarapur NPP DEM moedel of containment building cylindrical panel




Modell Uncertainty.

Failure patterns in four DEM simulations of cylindri cal containment wall
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Model Uncertainty

One of the objectives of the study was to deterrtiieeinfluence
of physical uncertainty, which led to similar rupgwconfigurations,
and close values of the corresponding ultimatespires. In fact, the
CV of the internal pressure that causes failureéhef containment
(0.448 Mpa) predicted by simulations was only 2%.

The CV of the nine predictions of the ultimate gres of the
BARCOM containment equals 18%, value that is witthia range
observed in the estimation of the loading capaoityengineering
structures.




Phenemenolegical Uncertainty

The reliability assessment of complex systems requas a basic
step, the identification of all relevant failure modedts final
objective consists of an avaluation of the pronsnedailure, which
IS necessarily conditioned on the assumption tllamaaningful
faillure modes have been duly considered. Nevedhbelthere iIs
always anonzero likelihoodhat physical phenomena that may lea
to relevant failure modes be unknown when the gsystaters into
operation.

This Is known asphenomenological or epistemic uncertajnt
being particularly relevant in connection with nghnologies




Phenemenolegical Uncertainty

Let's assume that the system under consideration wsigngel considering
failure modes and that the proneness to faii@) and associated reliabil&y (t)
=1 -P (t) were determined. Now l&t _, denote the likelihood that a relevant
(n+1) failure mode exists, whilB;" (t) denotes the proneness to failifréailure
mode(n+1) exists The derivation of the updated reliability mayfband in Riera

and Rocha (1998). According to the total probabitheorem, an improved
reliability estimatoR’ (t) is now given by:

R’ (t) = [1 'L,n+1] / R(t) i I—’n+1 R (t)
A correction factor of the initial reliability méaye defined as:

p(t) = R (1) TR(H)




Phenemenolegical Uncertainty

It may be shown that the correction fagi@r) presents a minimum
value, which for small likelihood of the existemmfean unknown
failure mode I(,,, < 0.02) is given by:

Pmin= 1— 0'24Ln+1

The previous equation is applicable to any engingesystem
with a nonzero likelihood of being vulnerable touaxknown failure
mode. It should be noted than unléss is negligibly small,
theoretically determined reliabilities may greadlyerestimate their
true values.




Phenemenolegical Uncertainty

Riera and Rocha (1998) derived an expression tategte
reliability estimate afteM units of the engineering system under
consideration operate during a tifigwithout failure.

There Is no question that only through continuloung time
operation very high Reliabilities can be achieved.




Human Error

There I1s no general agreement on which aspectsupnfah
participation must be taken into consideration massessment of
structural reliability. EIms and Turkstra (1998 instance, argue
that human action cannot be modelled as a techma#kr and that
studies on one Iindividual cannot be transferredptedict the
performance of others.

Other authors, such as Melchers (1987), sustatmhtiaan errors
are susceptible of analytical treatment within th@unds of the

Theory of Probability.




Human Error

The author coincides with the last positioa, with the belief
that the intrinsic variability in human performaraam be usually
measured and explicitly considered in reliabilisgp@assments.

In fact, the results presented on Phenomenolobgiceértainty

seem to be equally valid if the cause of the Gomisidered) relevant
fallure mode i + 1) is Human Error, rather than Phenomenologica
Uncertainty. In such case,, would represent the likelihood that
the analyst did not consider a possible causeilaféaand may
provide a basis for a comprehensive assessmem ofsk posed by
Inexperienced or poorly qualified design teams.




KashiwasakrkKariwa NPP




KashiwasakrKariwa NPP

The seven NPP units at TEPCQO’s nuclear complex were
subjected to strong seismic excitation on July20®),7, by
the Niigataken Chuetsuo-Oki earthquake.

The magnitude of this earthquake was reportdd gs
6.7 (NIED),with epicentral distance equal to 16km and
focal depth of 23 km.




KashiwasakrKariwa NPP
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KashiwasakrKariwa NPP

Table 1-1 Maximum seismic acceleration (gals) at thetiwvazaki-
Kariwa NPP (observed on the foundation of the redmiddings)

North-south East-west Vertical

Unit 1
Unit 2
Unit 3
Unit 4
Unit 5
Unit 6
Unit 7

311 (274)
304 (167)
308 (192)
310 (193)
277 (249)
271 (263)
267 (263)

680 (273)
606 (167)
384 (193)
492 (194)
442 (254)
322 (263)
356 (263)

* Design values shown between parenthesis

408 (235)
282 (235)
311 (235)
337 (235)
205 (235)
488 (235)
355 (235)




KashiwasakrFKariwa NPP

The preceding table shows that the design PGA was
largely exceeded in most units, the ratio betwdmsen/ed
and design values being in most units larger than 2

Thanks to the inherent conservatism of the stractur
design, in spite of the rather gross underestimaiidhe
seismic excitation, damage to the Kashiwasaki-Kariw
NPP structures and components was minor and cahfme
non critical systems, such as vent stacks an@uokst




KashiwasakrFKariwa NPP

The reasons behind the gross underestimation nmeatio
above had to be explained. Large R&D projects were
launched both in Japan and abroad to answer a mwhbe
relevant questions.

We will briefly examine one possible defficiencytire
seismic risk studies upon which the KK-NPP PGA
coefficients had been selected: the attenuatioatenms.




KashiwasakrFKariwa NPP

Attenuation equations are used to predict parameter
needed to define the seismic excitation, sucha® ®A,
In terms of the distance to the seismogenic source.

These equations depend on $ieof the earthquake,
typically quantified by a&ingle parameterthe magnitude
M of the event.

Hence, the risk analysis is formulated in termMoiVhen
the seismogenic source may be idealized@srs, located
at the epicenter, no objections can be formulageahat
the approach.




KashiwasakrFKariwa NPP

The last condition requires that the distance tsthece be larger than
the source dimensions, condition that is never satigfidte epicentral
region, in which at least two parameters would kexled to describe
the seismic event. Examples of attenuation equatiotesms ofA and

Ao are given below (Rierat al 1986):

for inter-plate earthquakedd= 60 bar)
(PGA), =59,93 A%34r -1/ (1 + 0,408 A>?®Inr)

for intra-plate earthquakedd4= 150 bar)
(PGA), =44,32 A%>°r-1/(1+ 0,314 A2Lnr)




KashiwasakrFKariwa NPP
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KashiwasakrFKarwa NPP.

Preliminary studies with the proposed two parametéesnaation
equations, conducted immediately after the Niigatakkeunetsuo-Oki
earthquake, although leading to PGA values at theNlR#R site slighly
higher than the design values, were unable to exfila amplitudes
measured on July 17, 2007.

Satisfactory explanations were only acknowledgedytears later after
the folds in the underlying rock shown in next figuvere mapped,
thanks to additonal geomorphological studies, andesyient
numerical analyses completed.




KashiwasakrKariwa NPP
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KashiwasakrKariwa NPP




KashiwasakrFKariwa NPP
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KashiwasakrFKariwa NPP

It Is now clear that the underestimation of seismic
excitation at the KK NPP site was a direct restilhodel
uncertainty, which was not duly accounted for wtten
design criteria was established.

Fortunately, inherent conservatism in the ensuingcsiral
analysis and design prevented the occurrence ioiuser
effects as a consequence of the earthquake.

The design criteria and structures at KK have sbesn
upgraded.




Fukushima-Dai-ichi NPP
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Fukushima-Dai-ichi NPP




Fukushima-Dai-ichi NPP

The Great East Japan Earthquake on 11 March 2011, a
magnitude 9 earthquake, generated a series of large
tsunami waves that struck the east coast of Japan,
highest being 38.9 meters at Aneyoshi, Miyako.

The earthquake and tsunami waves caused widespread
devastation along the north-east coast of Japdh,more
than 14,000 lives lost. At least 10,000 people teama
missing, with many more being displaced from their
homes as towns and villages were swept away.




Fukushima-Dai-ichi NPP

The operational units at NPP along the coast were
successfully shutdown by the automatic systemaliast
as part of their seismic design. However, the lasgaami
waves affected these facilities to varying degreas the

most serious consequences occurring at TEPCO's
Fukushima Dai-ichi.




Fukushima-Dai-ichi NPP

HIGASHI

* — DORI NPP
ONAGAWA

NPP \“r

* Epicenter

DAI-ICHI NPP

8y 1 \ FUKUSHIMA

TOKALI FUKUSHIMA
Ostka  DAININPP  DAI-NI NPP




Fukushima-Dai-ichi NPP

Although all off-site power was lost when the equthke
occurred*, the automatic systems at TEPCO's Fukueshi
Dai-ichi successfully inserted all the control roal® its
three operational reactors, and all available earary
diesel generator power systems entered into oparas
designed.

* In terms of damage to the external power suppti@fFukushima NPPs, a
total of six external power supply sources wereneated to the Dai-ichi
Power Station. However, all power supplied fronsthsix lines was cut-off
due to damage to breakers, etc. and the collapsangimission line towers
due to the earthquake.




Fukushima-Dai-ichi NPP

The first of a series of large tsunami waves reac¢he
TEPCO s Fukushima Dai-ichi site about 46 minutésraf
the earthquake.

These tsunami waves overwhelmed the defences of
TEPCO s Fukushima Dai-ichi facility, which were
designed to withstand 5.7m high high tsunami wavés.
largest wave that impacted this facility was estedao be
around 14 meters high.

The tsunami waves reached areas deep within the pla
causing the loss of all power sources except fer on
emergency diesel generator (6B).




Fukushima-Dai-ichi NPP

Impact of the tsunami rendered the loss of all insémiation and
control systems at reactors 1-4, with emergency des@rroviding
emergency power to be shared between Units 5 afldegtsunami
and associated large debris caused widespread destrotcbaildings,
doors, roads, tanks and other site infrastructufe8tCO s
Fukushima Dai-ichi, including loss of heat sinks.

The operators were faced with a catastrophic, uepestted
emergency scenario with no power, reactor contraisirumentation
and, in addition, severely affected communicationsesystboth
within and external to the site.




Fukushima-Dai-ichi NPP

With no means to control or cool the reactor urits,three reactor units that
were operational up to the time of the earthquakekty heated up due to
reactor decay heating. Despite the attempts toneesontrol and cool the

reactors and spent fuel, severe damage of thafuka series of explosions
occurred.

These explosions caused further destruction agitbemaking the scene faced
by the operators even more demanding and dangavilmusover, radiological
contamination spread into the environment. Thesatswvere determined to
be of the highest rating on the International Naclkvent Scale.

However, until June 2011 no health effects had Ibeparted in any person as
a result of radiation exposure from the nuclearcsd.




Fukushima-Dai-ichi NPP

It is obvious that the primary cause of the nucleardant at
Fukushima-D&ichi NPPs was due to a gross exceedance of the
seismic and tsunami design specifications.

It is important to determine whether this exceedave® the
consequence of a very unlikely chain of events, realy unexpected
event— i.e.to phenomenological uncertainty (the black swanj
human error or of a combinations of uncertainties emmors.

Within this context, the relevance and current eeigbf model
uncertainty in risk assessments and practice codesenufibfly
examined in connection with these events.




Fukushima-Dai-ichi NPP

T. LAY et al..: TSUNAMI MODELING FOR SLIP DISTRIBUTION
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Fukushima-Dai-ichi NPP

According to NASA (April 2012), the massive earthgei@if the
coast of Japan caused a rare ‘merging tsunami’, inhathio waves
combined to amplify the destruction after landfall.

For the first time ever, US and European radarlgagetaptured
Images of the two wave fronts of the tsunami, configrihe existence
of the long-hypothesised process, which forms a singlayld-high
wave far out at sea.

Close to shore, bird-eye views show up to three wawemahing the
coast with different velocities and hinting at tlesgibility of wave
superposition.




Fukushima-Dai-ichi NPP

John Ritch, Director General of th¢orld Nuclear Association,
contends that a starting point is to define Fukushinitaough the
terms “nuclear disaster” and “nuclear tragedy” are comlynapplied,
there is reason to resist such usage. When 24,000e$&patizens
have been killed by an enormous earthquake and kimgsisunami
which combined into one of the great calamitiehat hation’s

history, does it not seem a gross abuse of languagledicas a disaster
an occurrencencidental to that calamityhich has not in itself
produced a single fatality?




Fukushima-Dai-ichi NPP

According to J. M. Acton & M. Gibbs/Nhy Fukushima was
preventable© 2012 Carnegie Endowment for International Peace),
had the plant’s owner, Tokyo Electric Power Comp@riyPCO), and
Japan’s requlator, the Nuclear and Industrial Safegnay (NISA),
followed international best practice and standatds,aonceivable
that they would have predicted the possibility @& ghant being struck
by a massive tsunami.

The plant would have withstood the tsunami hadetsign been

previously upgraded in accordance with state-of-tihaadety
approaches.




Fukushima-Dai-ichi NPP

The methods used by TEPCO and NISA to assess thearsk fr
tsunamis lagged behind international standards iraat teree
iImportant respects:

* Insufficient attention was paid to evidence of &atgunamis
iInundating the region surrounding the plant aboetavery thousand
years.

 Computer modeling of the tsunami threat was inadegun fact,
preliminary simulations conducted in 2008 that suggette tsunami
risk to the plant had been seriously underestimated na followed
up and were only reported to NISA on March 7, 2011.

* NISA failed to review simulations conducted by TEP&al to
foster the development of appropriate computer noglédols.




Fukushima-Dai-ichi NPP

Steps that could have prevented a major accidgheievent that the
plant was inundated by a massive tsunami, such amththat struck
the plant in March 2011, include:

» Protecting emergency power supplies, including digseerators
and batteries, by moving them to higher groundyoplacing them in

watertight bunkers as well as establishing waterttghnhections
between emergency power supplies and key safety sysiams;

* Enhancing the protection of seawater pumps (whiale wsed to
transfer heat from the plant to the ocean and tb diesel generators)
and / or constructing a backup means to dissipate heat




Fukushima-Dai-ichi NPP

Though there is no single reason for TEPCO and N $Alure to
follow international best practice and standards,ralar of potential
underlying causes can be identified.

In the final analysis, the Fukushima accident doesaevaal a
previously unknown fatal flaw associated with nucleawer. Rather,
It underscores the importance of periodically reeatahg plant safety
In light of dynamic external threats and of evolyilmest practices, as
well as the need for an effective regulator to sgerthis process.




