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1. INTRODUCTION
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The successful performance of any engineering structure involves a nu
of wuncertainties, which cannot De disregarded when assessing its saf
and reliapility. Tnere are uncertainties in the "demang" whlcﬂ, in
present case, is the motions generated by seismic activity. fhe
also uncertazinties reliated to the “capas 1Ly" of the structure, thst
its aopility to resist successfully the loads imposec by the seis
motions.
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Limit state analysis tries to Quantify all of tn
croer to derive = yeerly prosani lity of fs
analysea. Thz knowlen ge of this prooability is o
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EiTNOugn & numder of different SCSnarics may motivate ths
analy

18 type Ly 8nslvsszs, this paoer js only
inputs of a s= smlc na;u:e 8N tneir effect on nuclaar
facilities.

Z. BACKGROUND

ALl nuclear facilities jn tne United Kingdom ere licensed to o;::az; anls
unoer strict concitions of safety. These congitions give ri 16 Jimits
Ueing set on tne relezse of rafioaztivity, Hence all struu_u* < i
eluipment must  be oesigned so as to comply with these limits =9
conditions, Low ' Procsdility  accidsnts  are limited to & meximu-

Tadioactive release, witn a probacility of less than a civen level,

Tne most severe loads expectesd at the Windscale site are those

seismic Ctivity. Rssuming, tnst the esign earthouske hss \ \
or 30711ty of exceegance or 107%, tnat eash piece of eQuipsEat "iv gan
reieese (A; Ci) of Tadipactivity and that the_oro:ablllty of & piece of
€quipment failing at this Oemand level is 167Y1, then it is necesszry to
Sqah Lh:t
2.8 x 17+ y1) b
(1)

Limit state analysis hzs occasionai i1ly besn used in the past for seisric
sa’ety assessments of nuclear facilities (eg. Ang and Newmark, 1977 Tn=
melnematicel treatmsnt is no- difficult ang nas pesn Known for same tims,
A1 excelient SUTIEry  was recenily presented Dy Ang (19/7) ne

sdplication to specific structurss nowsver, suffers from ar
~-2wiack, which is the C¢Ef1;ul;y of C:tEAﬁlﬁlﬂ“ the prossoility

distripution of the "demang" (seismic input) and tnat of ths '“‘“a:;zu
{mechanical strengtn). Tnese shor tcomings should be recognised but must
o2 faced. Probabilistic criteria and limit state ancl\S”’ Bre
Yhavoidable, at least for velicating the adequacy of a deterministic
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2. BENZRAL METHIOOLO3Y

For simplicity it will pe assumeg that the damage potential of an
€aIthJuake can De cnaracteriseg by the maximum horizontal acceleration
that 11 produces at the surface of the geological profile at the site and
under free-field congitions. A seismic risk study can be congucted which

&

will produce, at the location of interest, the annusl procanility o

éxceedance of each level of acceleration, Such studies nave often been
carried out in tne past and result on a curve of the type shown in Fig 1.
Fpla) is tns probadility distrioution of tne ccelerstion level, tnst
i5; 1Inhe prosssiiite of Not excezding the ac-eleration level z in on=
y&&erI Ans 1-Fple) is thersfore tn= prodadility of exceeding ii. Tnis
CJuTve Osscrivbes wnat was previous m

Quake, ‘ =S

g, ths ~ thed
i acn its limit s:isie unper TNE selsmic inouz Here
¥ staie" must Dpe  consistent  wiin the  scenaric ungsrt
consiogeration Structural, functionzl 0I, poesiply, other types of
Teilures may bz tnoss of concern unger gifferent situstions. Thzse
situstions will gictate the perticular limit state, eg. elestic, collaose,
etc. ins proocanility asnsity, f.(z), will typicelly nave the shape
snown in Fig 2. :
If the limit state is structural collapss, this probadility curve inzludes
cN€  unceriainties  on  dimensions, maierials, constitutive bahaviour,
DounCery conditions and any other factors which may influence the
lielihood of a structural failure as a consequsnce of & given seismic
eccelerztion

Jnze thz two curves shown in Figs 1 and 2 have besn oetermined, ths yearly
proscapility of failure, p is simply determined by ths expression:

p = [1-Fg ()] fecia) da (2)
g

4. SELECTION OF CRITICAL STRUCTURES

In asszssing the seismic risk to nuclear Irzprocessing facilitiss the
ultimste gozl is to ensure that the public is aosouately protectes agsinst
redioactive relezse. This criterion focusses most atiention on the
frequency ang magnitude of release sufficient to give deses 8Jove the
tmergency Reference Level. Investigating a plant in terms of thsss
~&rameters it is convenient to consider the assessment in two stages:
sStermingtion of the fregusncy of s range of earthguakes as & fun:?ign of
intensity, than, given a seismic intensity, evelustion of the concitionszl

»T00sDility of camazge and the conseguences of that ogamage.

Given the occurrence of an earthquake, a reprocessing plant must nave the
Capacity to eitner shut down safely, or to remain operating in & safe
condition. Certain components may be classified as critical for this
QJTpose, and can Dpe broadly identified as those which are:-
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- M2c2esaTy 10 sNJl the plant cown safely ang maintain it in tha* siate,
- SUCh whet Their camage or failure can cause, oirectly or indirectly,
an accioent witn an unacceptaocle release of ragicactive materizal,
- anle Lo prevent an unacceptaole release of radiosctive material tc the
ENViTONmanT

ec fault tres ana

various components
ding to radioactive
linking strustures,
ult s=sousnce ars

Tnese categories are not mutually exclusive., Detai
of the plant determines tne category to whi
pelong ang igentifies potential fault seguences
releases. All components (including supporting or 1i
eguipment, buildings) which form part of such 2 fa
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potentialliyv critical tc the protection of tne puniic further

determine the effect of an e3 KATWD

The extent of this further anzlys: Uz U

n3ancy witnin thz sysiem ans tas imol varl
fzoiicstion  of  reliability  theory  to easn Fault sscusnce  e-mamias
celculiation of ths conditionsl prooability of & radicasztive re!
gssuming thzt an esrthousk chalacieristics heas fexen slzos,
Tnis methoodaolagy also yield eiezse psTamsters, tnat
is, releess composition, sion, temoersiure, sic,
From th2se parsmeters ithe _ 1c can b& cgeterminsc for
specific weatner conditions. Combining the conditional prodability of ihz
Tault seguence and weather conditions with tne fregusncy of the esrthauzx«:z
will give thz expected freguency and magnitude of thz oose to the ouniic
from tnazt particular event. The process may o¢ Trepsated and the resuits
comdined  for sll  weatnsr  conditions, fault s=gusnces  ang  ss e,
congitions of interest. 1Im this way the frsgusncy snd conssgusnces i 2
ouplic of seismic activity at & nuclear reprocessing plant ca 2
evaluated
5. D_- JATION OF THE D=MAND CURVE

11 nNzs Dzen snown in a2 state-of-1' “-2rt survey undsriszkan for BWL (Izmes
&Nz Moore, 1579) tnat the seismiciiy of the Unitec Kingoom is compzrasis
o that of Scandinavia. Fig 3 shows the comparison  beiwsan  the
Jnited Kingdom, Scandinaviez and Eastern and western uUniied States.

-s Scandinavia has much more complete recorcs of sesismic activity than the

“ited Kingdom, it wes decidea to extend this comparison furtner anc
tssume that the seismicity curve for the United Kingdom was similar o
nst for Scancinavia (Fig 4).

“2<ing tne uooer limits of the rangs from Fig &, & curve for seismic

“=z2TC (Fig 3) nas peasn produced using the results of Trifunac (1577) in

-trrTelating  Mogified  Mercalli  Intensities  with  free-fieid ocsak

¢xcsleration ic onst 2 Dasis for the "gamand" curve uszd in
f :
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6. DERIVATION OF THE CAPACITY CLRVE

15 necessary to determine the probebility of each given inmput level
using failure of the structure or component of interest. The shape of
Ne probability density function depends on the type of structure since
nis obviously influences the type of built-in uncertainties associated
wlth its response. But it is also affected by the type of testing that
tne structure or its elements may have undergone in the past (see, for
example, Thomas et al, 1975). ‘
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ideally these probability demsity curves snould be obtzined from objective
cete on failures when sufficient testing or experience jis at hano. Data
canks of this type do Exist, particulerly for certain classes of primarily
:ight equipment. However, for heavy eaquipment and structures, data is
Jntorturately scarce and othsr less  sztisfactory procedures must  bs
: 7€ was implemzniz0 Dy Ang and Newmark (1577)
Tl Lhe median of ths cistribUtions by spolying curren:
fety factors normally utiliseg by the nuclear ingustry to
tNe cemand imposed by the cesign Safe Shutcown Earthauake. They assums:
z:50 that strengths would be lognormzlly distributed and, further,
oroposed  essentially subjective coefficients of variation which woulc
nopefully include the effect of al} uncertainties involved.

{

Tiliger

~ncther possible approach is to transfer the -uncertainties presented by
the behaviour of a structure to the more fundamentsal level of its
component g, An  example of this procedure is presented in a2 later
ion. If the probability distributions of dimensions ang croperties of
elements of a structure are known, z Montecaric enzlysis can bs
which will produce the prodability distribution of the overall
1 response. Tnis method has the attraction of setting the
ties at a level at which they are simpler to quantify since mors
and experience is available, Its application is however clearly
cted to relatively simple structures by purely economic
erat
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ions. Its mzin justification otherwise is that of helping tc
progressively mcre general rules for constructing the overzll
ribution without thz need to conduct the complete Montecarlo enalysis
eactn structure consicdersgd.
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7. EXAMPLE: ANALYSIS OF A PIPE STRUCTURE FOR WINDSCALE

"2 above concepts can be more readily visuslised by applying them to =
szecific example: a pipe for Windscale which is supported on 2 multi-span
-Tidge structure. A schematic view is shewn on Fig 6. This analysis is
-2520 on design specifications of the structure.

7 dsmanc curve (yearly probability of exceedance of ea=h ncrizontal
iZceieration level at the ground-surface in free-field), is shown in Fig 5
‘22e Section 5).

T capacity curve (probability of failure under each given input level)
=5 celermined as follows. The bridge and pipework were modelled as shown
i Fig 6. Dimensions  and Cross-sections were assumed to be
=ismministically known. However, moduli and strengths of the materizls
-~“Clved were assumed to be only statistically known.
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e analvsis was performed witn the computer program PRLSA (Principia
Limit State Analysis) The program accepts both deterministic and
statistical inputs

Generators of random deviates from the prescribed distributions select a
value for each of the statistically distributed input parameters. The
analysis is then conducted with these values and ths acceleration
prooucing failure is then determined. A new set of random deviates is
selected and a new value of the accelerstion is cealculated. This process
is repeated many times. The parameters of the distribution of the
accelerations resulting from the successive anzlyses are monitored. When
further analyses do not produce a significant change of those pzrameters,
the capacity curve has been successfully determined.

211 the describad procedurses are ingependent of the type of stress
gnalysis performed. Ths simplest possibility is that useg in progucing
Flg 7. It is based on the equivalent static methoc, in which the maximum
gcceleration of the earthouake is introduced as a static body force. 7.1%
eand 8.4% were assumed to be the coefficients of wvariation (standarg
cevistions divided by mean values) of moduli and strengths, respectively
(BSC 1980). Fig 7 shows the results when considering the Limit State to
i th

e development of the first plastic hinge, that is, the onset of
icity of the structure. ;

O o
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Combining the curve in Fig 7 with that in Fig 5, and carrying out
numerically the integration indicated by Eq 2, we obtain the following
orobability:-

P = 1.2 x 10-7 is the yearly probability of experiencing an
earthguake causing plasticity of one section of the pipe-bridge
siructure, subject to the assumptions made in this paper.

It should bs noted that collapse can occur by failure of pipe sections,
oipe supports, bridge elements or combinations of the former.

“inelly, & fully dynamic analysis of the complete structure was performed

E i
on the zesumption that the time history of the earthguaks is as given in
"1g 8 (Kunar 1980). All properties were assumed to be deterministically
fixed at their msan values. Tne first-hinge analysis produced an
zccelerztion of .80%. Rather than performing a very lengthy Montecarlo
znalysis bzased on time-stepping dynamic calculations, thz variations of
ihe properties were assumed to have the same influence on the variation of
g <2 limit accelerations thst they had in the equivelent static anaslysis.
Tnis resulted in the curve shown in Fig 9. The yearly probsbility is now
~ompuleg as 1.6 x 18~/ for reaching the elastic limit.

-0 obizining the acove probebilities a normal distribution was fitted to

2 anelysis results.
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For comparison purposes, doing the ahove analysis in ths manner of Ang &
Newmark ie with a log-normal distribution of Capacity, with a mean
capacity of .809g (as in the above dynamic analysis) and a standard
deviation of .59g for structures, .71g for pipes, we obtain (using the
seismic hazard curve of Fig 5

Assuming the example is equivalent to a pipe systam

Stangard Deviation = .71g, mean Capacity = .809g
Probability of
Limit State = B.5x 107
Exceedance

Assuning thz example is equivalent to a structure
Standard Deviation = .28g, mean capacity = .805¢g

Frobability of
Limit State
Exceedance

5.1 x 10~7

cf  example

Static Probability of
Limit State
Exceedznce

1.2 x 10-7

Oynamic Probability of
Limit State = 1.6 x 10-7
Exceedance

Although The Limit State was defined in this example as being the
occurrence of the first pleootic hinge, it is quite straightforward to
extend the method to full col. = and hence a different Limit State.

§. CONCLUSIONS

n Limit State Anzlysis the most important criterion is the specification
of the particular Limit State under consideration.

inis paper has taken thz Limit State as bzing the formation of the first
>lastic hinge, with the addzg proviso of the structure being analysed in
T2 gs-dasigned condition. :

“uzh more work is stil
F's
te.

1
~nis (and eny other) str

LG De done for a complete Limit State Anzlvsis of
uct

~ome of the topics which are teing investigated for inclusion in Limit
>late Analysis are:-
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- Crack/gefect initiatiow/propagation

- As-puilt, cr as-0esigned variations

- Determination of correct input loading conditions
ie Booy loags, ground motion Specification, temperature,
pressure ete.

= Weld defects

- Quality Contrp]

In the final analysis of g4 structure using Limit State Analysis a
confidence interva) will be neegeqd for the probability so derived.

it is clearly not Oesirable that this type of analysis pe applied to every
Nazardous structure Deing designed. 1t is thus hoped, that this work wil)

n2lp establish tn:s reguisite gesign cogdes of Practice ang level of Quality

Assurance, wnicn togetnsr will ensJure tnat hazardous structures will in
the future mest tns safety criteris being set,
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DISCUSSION

GURPINAR, A.

The presented magnitude-risk curves are made for Britain without any
regard to tectonic structure. What is the justification for ignoring  the
geology and basing the risk analysis only on the seismicity which you haye

13 stated to contain deficient data?

PRICE, M.

2 For the limited data available in the UK it has not been possible to
correlate seismicity with the known tectonics. Events cannot be associated
= with known surface features. The assumption is therefore made that seismic

risk is uniform over the UK. The only use made of the seismicity curve 1is

= to conclude that it is very similar to Scandinavia. Because of the deficient

¥
a
:

data in the UK therefore, the assumption has been made in BNFL that the

seismic hazard curves developed. for Scandinavia can be applied in the UK,

CORNELL, A.

The thrust of the preceding questions on seismicity modeling is
perhaps that your seismicity modeling is very coarse compared to your
structural modeling, yet your own results (e.g., insensitivity of failure
probability to resistance distribution type) show that the problem is
driven by the seismic hazard curve. This will always be the case when one

distribution has a much larger dispersion than the other.

PRICE, M.

We essentially agree with and have noted your comment. The objective
of this study is to obtain guidance on design factors of safety, in order
that we can have confidence that our designers meet a risk criteria for
radioactive release, To this end the important feature is in the assessment
of fragility, however others in the UK are working towards improving the
seismic hazard curve. This aspect is long-term, and thus in the meantime we

must use the "best'" data available.
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