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PROBABILISTIC ANALYSIS OF THE FRAGILITY OF REACTOR
BUILDINGS ON THE IMPACT OF EXTREME CLIMATIC LOADS

J. Kralik’, J. Kralik, jr.”

Abstract: This paper gives the results of the probabilistic analysis of the nuclear power plants safety in
Slovakia. The probabilistic assessment of NPP structures for Probabilistic Safety Analysis (PSA) level 2 of
VVER 440/213 in the case of the extreme external even without the earthquake is presented. On the base of the
meteorological monitoring of the locality the extreme load parameters were defined for the return period 10?
years using the Monte Carlo simulations. There is showed summary of calculation models and calculation
methods for the probability analysis of the structural resistance. The numerical simulations on the base of the
LHS method were realized in the system ANSYS and FReET.
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1. Introduction

This paper deals with the resistance of the steel hale frame of the nuclear power plant (NPP) in locality J.
Bohunice. The international organization IAEA in Vienna (IAEA, 2003, 2011) set up the design
requirements for the safety and reliability of the NPP structures. The extreme environmental events (e.g.
wind, temperature, snow, explosion...) (IAEA, 2011, Kralik, 2009, 2015, 2017 Steward, 2016 and NRA
SR, 2011, NRC RG1.200, 2009) are the important loads from the point of the NPP safety performance. The
extreme wind loads are defined with the probability of mean return period equal to one per 10* years.
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Fig. 1: Section plane of the NPP with reactor WWER440.
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The NRC (NRC RG 1.200, 2009) uses Probabilistic Risk Assessment (PRA) to estimate risk by computing
real numbers to determine what can go wrong, how likely is it, and what are its consequences. Thus, PRA
provides insights into the strengths and weaknesses of the design and operation of a nuclear power plant.

For the type of nuclear plant a PRA can estimate three levels of risk :

= A Level 1 PRA estimates the frequency of accidents that cause damage to the nuclear reactor core. This
is commonly called core damage frequency (CDF).

= A Level 2 PRA, which starts with the Level 1 core damage accidents, estimates the frequency of
accidents that release radioactivity from the nuclear power plant.

= A Level 3 PRA, which starts with the Level 2 radioactivity release accidents, estimates the
consequences in terms of injury to the public and damage to the environment.

The definition of the fragility curve of a nuclear power plant structures (NPP) generally represents a crucial
step for the level 2 probabilistic safety assessment (PSA L2), where the probability of structure failure can
be evaluated as the convolution of the fragility curve with the load curve. The assessment of the structural
strength of the nuclear power plant has acquired even a greater importance in the framework of post-
Fukushima stress tests where the assessment of the safety margin and off-design conditions (NRA SR,
2011).

.

#
:
’

1. EEO 50490 - Jaslowske Bohunice

F ig.r 2: Calculation Model of the Hall Frame (left), Scheme of the NPP building half (right).

The NPP buildings with the reactor VVER 440/213 consists the turbine hall, middle building, reactor
building and bubble condenser (Figure 1). The building of the power block was idealized with a FEM model
consisting of 159 037 elements with 444 454 DOF (Figure 2) in program ANSYS (Kralik, 2009).

2. Probabilistic Assessment

A great attention should be paid to using the probabilistic approach in an analysis of the reliability of
structures (Antuchevivience, 2015, Diamantidis, 2016, Haldar, 2000, JCSS, 2011, Kala 2011, Kralik, 2009,
2015, 2017, Konecny, 2009, Krejsa, 2016, Melcher 1999, Novak, 2003, Sykora, 2013). Most problems
concerning the reliability of building structures are defined today as a comparison of two stochastic values,
loading effects £ and the resistance R, depending on the variable material and geometric characteristics of
the structural element. The probabilistic definition of the reliability condition is of the form

RF=g(R,E)=R-E20 (1)

where g (R, E ) is the reliability function. In the case of simulation methods the failure probability is defined
as the best estimation on the base of numerical simulations in the form

?, =%le[g()(i)£0] 2)

where N in the number of simulations, g(.) is the failure function, //.] is the function with value 1, if the
condition in the square bracket is fulfilled, otherwise is equal 0.
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Fig. 3: Traditional reliability conditions.

3. Action effects to NPP structures

The TAEA requirement (IAEA, 2011) proposes to calculus the structure for situations - test conditions,
design accident conditions, service conditions and the extreme environmental conditions. The load
combination of the deterministic and probabilistic calculation is considered according to ENV 1990
(Diamantidis, 2016) and IAEA for the ultimate limit state of the structure as follows:

e Deterministic method — extreme design situation
E, =7gGk+7/qQk+7uAk (3)
e  Probabilistic method — extreme design situation

E= G + Q + AE = gvaer + qvaer t+a AEJ( (4)

var

where Gj is the characteristic value of the permanent dead loads, Qi - the characteristic value of the
permanent live loads, A, - the characteristic value of the extreme loads, j%, %, % are the loading parameters
(7% =y = y.=1 for the extrem design situation), g, Gvar, @var are the variable parameters defined in the form
of the histogram calibrated to the load combination in compliance with Eurocode and JCSS requirements
(Haldar, 2000, JCSS, 2001, Diamantidis, 2016, Melchers, 1999).

4. Reliability margin of steel structures

Reliability margin of steel structures was checked in accordance of national standards, Eurocodes and
requirements of US NEA (NRC RG 1.200, 2009) on the ultimate limit state for median values of the effect
of action and resistance. The failure function (1) for the linearized interaction diagram may be defined in
the form (Kralik, 2009)

gN,M)=1~(N, +7,Ny, ) [Ny =(M, +7,M )/ M, =0 (5)
where Ng, and My, are the values of limit normal force and

moment on the axis of interaction diagram Ng,=Ng (M= 0)
and Mr~=Mr(N=0).

The total internal forces of the action effect are defined as
follow

M,=M, +M, and N, =N, + N, (6)
where N,, M, are initial values of normal forces and

moments due to performance load and Ngy, Mg, are normal
forces and moments of the extreme load.

NRu

The moment of resistance M on the interaction diagram
can be calculated from known normal force N in the form

Fig.4: Linearization of interaction diagram.
MR:MRu_(MRu/NRu)N (7

The moment of action effect Mz can be expressed for an initial values M,, N, and an increment of pressure
M, Ngx in the form
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My =M, ~(My [Ny )(N-N,), (8)
The failure condition will be fulfilled if we have
M,=M, )
If the relation (7) and (8) give (9) we have the value of normal force N on the interaction diagram (N=Nx)
My M, + (Mo /NN,
© (M /N, )+ (M /N,
The reliability margin 7 can be expressed from (5) as follows

_ _ _ MRu_Mo"'(MEx/NEx)No_
e G e e

where No, M, (resp. Nex, Mex) are the initial (resp. extreme) values of the normal forces and moments, N
is the normal force on the interaction diagram and Nry and Mg, are the values of limit normal force and
moment on the axis of interaction diagram. The failure action of extreme load p, can be expressed from the
interaction diagram as follows

(10)

puzn'pEx:pEx‘(NR_Na)/NEx’ (12)

5. Extreme snow load

The load on a structure due to the snowpack will depend on both snow depth and packing density. The
extreme snow load for the locality J. Bohunice was defined on the base of the last result of the SHMU
investigations (SHMU, 2012) in accordance of the Eurocode requirements.

The characteristic value of the extreme snow load according to STN ENV 1991 is defined following

s, =a+Alb= 0,454+;77(6) =0,635kNm™ (13)

where a, b are the factors depended on the map zone, A is the altitude of the NPP area.
The characteristic value of the snow load at roof is

s, =4,.C,.C.s,, =1,064kPa , (14)
where g is the snow load shape coefficient, C. is the exposure coefficient, C; is the thermal coefficient.

The extreme snow load is defined for the probability of 10 by year on the base of the IAEA requirements
(IAEA, 2011) twice the characteristic snow load value:

Saa = Cay5; =2,1.0,635=1,33kNm * (15)

The Gumbel probability distribution is recommended for the extrapolation the measured data.

6. Extreme wind load

The load on a structure due to the wind will depend on both wind velocity and terrain roughness.
The wind velocity and the velocity pressure are composed of a mean and a fluctuating component.
The mean wind velocity v, should be determined from the basic wind velocity v, which depends
on the wind climate and the height variation of the wind determined from the terrain roughness
and orography. The fluctuating component of the wind is represented by the turbulence intensity.
The extreme wind load is defined for the probability of 10 by year on the base of the IAEA
requirements (IAEA, 2011) twice the characteristic wind load value:

v, =2v, =48m/s and therefore q,, =(1/2).p.v}, =(1/2).0,00125.48° =1,44kN/m’ (16)
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7. Uncertainties of input data

The uncertainties of the input data — action effect and resistance are for the case of the probabilistic
calculation of the structure reliability defined in JCSS (JCSS, 2011) and Eurocode 1990 (Diamantidis,
2016). The input data are defined by the characteristic values and the variable coefficient (Table 1).

Tab. 1: The histograms of the input data

Quantities Histograms

Input data Character. value  Variable value Type Mean p Deviation o [%]
Dead load G Svar Normal 1.0 1

Live load Ok Qvar Gumbel 0.6 25

Snow Px Dvar Gumbel 0.6 20

Wind Wi Wyar Gumbel 0.6 20
Strength Fi Suar Lognormal 1.0 1

Model Ex var Normal 1.0 5
Resistance Ry Tvar Normal 1.0 5

8. Fragility curve of frame

The probability of the frame failure was determined by the probabilistic linear analysis by the simulation
in LHS method using program FReET (Novak, 2003). The fragility curve was calculated for various levels

of snow and wind loads using the results from the linear analysis of the steel hall frame.
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Fig.5: Histogram of the failure function RF for the extreme snow and wind load.

The results from the numerical linear analysis and the idealized fragility curves of the steel hall frame are
presented in Fig.ures 5 and 6. The 5% probability of the steel frame collaps results under snow loads equal

to pgo0s =13,85pg ;, or under wind loads p,, s =3,04p, ... The 95% probability of the steel frame

collaps results under snow loads equal to pg, o5 =37,74 pg ;. or under wind loads py, 45 =8,92p), ;. .

Fragility Curve of NPP Steel Frame Fragility Curve of NPP Steel Frame
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Fig.6: Idealized fragility curves of the steel hall frame for extreme snow and wind load with the lower and
upper boundary equal to standard deviation o .

9. Conclusion

This paper gives the results of the risk-based safety analysis of the nuclear power plants in Slovakia (Kralik,
200+9, 2017). The probabilistic assessment of NPP structures for Probabilistic Safety Analysis (PSA) level
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2 of VVER 440/213 in the case of the extreme external even without the earthquake was presented. On the
base of the meteorological monitoring of the locality the extreme load parameters were defined for the
return period 10* years using the Monte Carlo simulations. There was showed summary of calculation
models and calculation methods for the probability analysis of the structural resistance. The reliability
analysis of the steel hall frame resistance due to extreme snow and wind loads (Kralik, 2009) were presented
in this paper. The 5% probability of the steel frame collaps results under snow loads equal to
Dso0s =13,85pg ;. or under wind loads py, s =3,04p,, . The probability of failure was calculated on

program FReET using LHS method (Novak, 2003). The probability of steel frame failure under extreme
snow and wind load is lower than 10°. This paper presented the methodology and application of the
probabilistic analysis of the safety and reliability of the NPP structures under the extreme climatic loads.
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