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Abstract

Probability of failure assessment is the basic task in relia-
bility based design methods for safety related nuclear plant
structures, While acceptable risk levels have not been quantified
a probability of failure ©of 10_7 per year is considered
acceptable in many regulatory documents and safety evaluation
studies published to date., The theory and methods necessary to
design to an explicitly expressed probability of failure have
been demonstrated, but the application of these methods to desién
and analysis of real structural systems is wvery complex and
costly due to sizeable computational effort required, Bdcause of
this, there is almost no design codes which require explicit
demonstration of the probability of failure of the structure to
be designed but state the requirements for strength in tefms af
load factors and characteristic values of loads. These concepts
implicitly involve information about the specific probability of
failure of structure but the relﬁtiunship between given values of
load and resistance coefficients in load and resistance facteor
design {(LRFD) and the probability of failure of a particular
structure designed using these coefficients is rarely explained.
This study is an effort to give clarification to this point,
Using . observed or postulated distribution functions for design
variables the design of some simple structural elements is made
on the basis of explicitly stated probability of failure. Monte
Carlo -~methods are used to determine the probability of failure
for a simple structural element and the corresponding load
factors in the LRFD-method that result in the same design are
also given, Finally, the results of considered examples are used

to assess the load factors given in different design codes.
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1. Introduction

This paper proposes and presents a method of* derivation of
probability based load factors for use in the design of safety

related reinforced concrete structures for nuclear power plants.

In probability based limit state design, probabilistic methods
are used to guide the selection of load factors and resistance
factors which account for the wvariabilities in the individual
loads and resistances and give the desired overall level of
safety. The designer in 1limit state design deals with load
factors and resistance factors and is never required to consider
probabilities directly.

In reliability analysis of structures the leoads and resistance
terms are assumed to be random variables and the statistical
information necessary to describe their probability laws is
assumed to be known, Let the definition equation for the limit
state be

q {Xl, XZ’ vaay Xn} = 0 {1)

where Xi:s aré resistance or load variables and failure occurs
when g < 0O,

The level of safety is controlled by assigning =a small
probability P to the event that the limit state will be reached,
The equation for Pr is obtsined from the definition of the
cumulative probability distribution function for the joint
probability density function for n independent random variables
X Xz, ceey X

p= e r-r Fi (x;) dx; (2)

vhere the integration is performed over the region where g < 0

1,

and where x,15 are specific values of random wvariables Xi. The
evaluation of the joint probability integral (2} is frequently
done numerically, One possible method for numerical evaluation of

probability integral (2} is Monte Carlo -method.

'
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2.1The Investigated Load Conditions and Used Probability
Distributiens / 1 /, /2 /., / 3/

The following extreme load combinations were investigated

Extreme Wind
U/1.35+0.9F =D + L +T_ + W, + R+ P (3)

Extreme Earthquake
U/1,35+0.9F = D + L + T_ + E +R_ + P (4)

Aircraft Crash
U/1.35+0.,9F = D + L + T_ + X + R + P (5)

LOCA-Pressure
U/1.35+D0.9F =D + L + T_ + Ra + 1,3 Pa (8)

LOCA-Pressure + Extreme Earthquake

u/1,35+0,9F D + L + Ta + Ra + Pa + Y+ Yj + Ym + Ess(7)

18

The explanation of the notation used in equations (3)-(7) is
given below, In order to evaluate the equation (2) for limit
states given in equations (3)-(7) the probability distributions
for variables U, ..., E should be given, In this paper the

55
following distribution assumptions were used:

Variable Distribution Mean/ Coeff, of No. of

Nom, variation distributien
Strength U Normal 2.65 0.20 1
Dead Load D Normal 1.0 0.10 2
Live Load L ‘Gumbel 1.0 0.25 3
Prestress Force F Normal 1.0 d.?O 4

Normal Condition
Pressure Load Pu Normal 1.0 D.30 5

Normal Condition
Thermal Load T0 Normal 1.0 0,30 &
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Variable Distribution Mean/ Coeff, of No. of

Nom. variation distribution
Normal Condition
Pipe Reactions Ro Normal 1.0 0.30 7
Extreme Wind wt Gumbel 0,31 0.33

0.36 0.26

0.38 0.24 10
Extreme Earthguake E59 Frechet 0.07 0,64 11

0.11 0.46 12
LOCA-loads:

- S0

Ta9 Ra, Pa F(Pa) = 1l-p (l—ﬂ(Pa))
Yr’ Yj’ Yrn
p = 6.5.107° g = Normal 1.0 0.05 13
o = 107° g = Normal 1.0 0.10 14

Aircraft Crash XU F(Xu) = 1-p (l—E{Xu))SU

= 10-8 g
= 1077 P

Normal 1.0 0.05 15
Normal 1.0 0.10 le

il

1]

The total resistance of the structure as well as the total load
effect was assumed to be formed from the nominal values of their
respective components according to following relations. The
numbers in the left hand side of given relations describe the
fractions by which the material strength U and prestress force F
contribute to the total resistance of the structure, Similarly,
the numbers in the right hand side describe the participation of
load components to the total load effect,

Extreme Wind
U +=F = D +L +T_ + M4, +R =+ P

0 t o} v
0,75+0.25 = 0,04+0.04+0.04+0,80+0.04+0.04
0,75+0,25 = 0.06+0.,06+0,06+0,70+0.06+0.06
0.75+0.25 = 0.08+0,08+0,08+0,60+0,084+0,08

For extreme earthquake and aircraft crash load the relations for

resistance and load effect were the same as for extreme wind,

— 422 —

K 1476



LOCA~Pressure

Uu + F
0.75+0.25
0.75+0.,25
0.75+0,25

= D +L +«T7_+R +P

a a a
= 0,02+0.02+0,06+0,05+0.85
= 0,07+0,07+0,06+0.05+0,75
= 0.12+0,12+0.06+0,05+0,45

LOCA-Pressure + Extreme Earthquake

U + F
0.75+0,25
0.75+0.25
0.75+0.25

= D +L + T, +R +P_ +Y £¥ %Y +FE

a a a — m 5SS
= 0.02+0.02+D,02+0,04+0,65+00540,05+0.,05+0. 10
= 0,07+0.07+0.02+0,84%0,55+0.05+0,05+0,05+0.10
= 0.12+0.12+0.02+0,04+0,45+0,05+0,05+0,05+0,10

—
-

3. Method of

The failure

-
-~

the Analvsis

probabilities associated with the load combinations

from (3) to (7) were assessed using the Monte Carlo -simulation

method / 4 /. The principle of the method can be explained with

the aid of following algarithm where the notation is referred to

combimation (6):

Step

Step

Step

Step

Step

Step

Step

1:

23

4

62

Set the counter zero

Generate seven random numbers Xu, XD, X X X

L? F* T *

a

XR P Xp uniformly distributed within the
a

a
interval {0,1)}.

Determine the values of random variables U, D, L, F
Ta’ Ra, Pa using the respective cumulative
distribution functions and the random numbers of

step 2.
The values of random variables are introduced tao the
appropriate limit state equation
U+F=D+L+T_  +R +1.3¢pP
a a a

If limit state is reached i.e.
U+F XD+ L+T +R + 1.3 P

- a a a
then counter = counter + 1

Steps from 1 to 5 are carried N times

Pr = counter /N
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4. Results pf the Analysis

The failure probabilities for load combinations (3)-(7) are
presented in Fig.l. For wind and earthquake loads the failure
"6...10'5/year.
These probabilities are significantly lower than the proba-

probabilities are in the interval between 2,10

bilities of occurence for either the extreme wind or extreme
earthquake load. For aircraft crash load the failure probability
interval is between 5.10'8...10'6/year depending on the ratia of

aircraft crash load to the total load.

The LOCA-pressure load case differs from the three previous cases
because the structural failure in this case have to be taken to
signify the discharge of radicactive gases to the environment.
These investigations indicate that if the LOCA-pressure is 75 %
or more from the ftotal load then the probability of failure is
less than 10"7/year.

For combined LOCA-pressure and extreme earthquake the fajlure
probabilities were at the same level than for LOCA-pressure case,
If the LOCA-pressure is more than 55 % from the tatal load then
the probability of failure is less than 10“7/year.

In cases of all load combinations excluding extreme earthquake
the failure probability decreases as the ratio of dominating load
to the total load increases.

5. Conclusion

The procedure for analyzing failure probabilities for extreme
load situations has been presented using Monte Carlo -method. The
definition and parameter selection for variable distributions has
been made in order to find out the general usefulness aof the
method. The Jload component and resistance component ratios in
loading situations has been postulated using past experience,It
was found out that the level of safety can be adjusted tao
correspaond the prescribed requirements by defining the nominal
values of the loads properly and alsa varying the load and

resistance factors.
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Fig.1 Failure Probabilities for Load Combinations (3)-(7).
The numbers attached to curves refer to distribution
numbers given in text,
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