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Abstract: This paper describes the reliability analysis of a concrete containment for NPP under a high
internal overpressure. There is showed summary of calculation models and calculation methods for the
probability analysis of the structural integrity considering degradation effects and high internal
overpressure. The probabilistic safety assessment (PSA) level 3 aims at an assessment of the probability of
the concrete structure failure under the excessive overpressure. The non-linear analysis of the concrete
structures was considered. The constitutive model presented is a further extension of the smeared crack
model. Following the experimental results of Vecchio, Collins and Cervenka and Kupfer a new concrete
cracking layered finite shell element was developed and implemented into the ANSYS system. In this
model the Kupfer's bidimensional failure criterion of concrete is considered. The uncertainties of the loads
level (long-time temperature and dead loads), the material model (concrete cracking and crushing, behavior
of the reinforcement and liner), degradation effects and other influences following from the inaccuracy of
the calculated model and numerical methods were taken into account in the response surface method
(RSM). The results of the reliability analysis of the NPP structures are presented.
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1. Introduction

The International Atomic Energy Agency set up a program to give guidance to its member states on many
aspects of the safety of nuclear power reactors. The resistance of the building structure must be checked for
extreme steam pressure in the case of small or medium-sized accidents, such as a LOCA (Loss of Coolant
Accident) or a HELB (High Energy Line Break) or a SBLA (Steam Line Break Accident) on the different
primary loop piping system. A complex high confidence and low probability analysis of power plant
buildings with a WWER 230 reactor meets all the requirements of the IAEA. Compliance with the IAEA
(IAEA, 2008) and Eurocode 2 (Eurocode, 1990) will be considered in three load combinations: NOC
(Normal Conditions), DBA (Design Basic Accident) and BDBA (Beyond Design Basic Accident). During
the nineties the requirements for service safety of the NPP Type V1 increased. In 1994 the Slovak Nuclear
Inspection Authority (Kralik, 2009) defined the conditions for the general reconstruction of the NPP V1
hermetic zone. This project was realized in the frame of the program PHARE “Reconstruction project of
NPP V1” in cooperation with companies SIEMENS KWU, VUEZ Levice and VUJE Trnava (Kralik, 2002).
Moreover, the principal tasks for checking the capacity and integrity of the hermetic zone after an accident
involving the pipeline cooling system were defined. The object of NPP V1 is rectangular in plan (Figure 1).
The part in the modul V-G/10-12 has dimension 13.7/39.2 m and in part V-G/12-17 has 25.0/39.2 m.
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Figure 1. Containment and emergency tank 800 m® of NPP V1.
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The floor of the steam box is at level 10.5 m. The exterior walls are with thickness about 1.0-1.7 m. The
foundation conditions under the NPP V1 structure are also complicated. The greater part of the structure
(modulus V-D/12-20) is located on a reinforced concrete foundation plate at depths of —4.2mand - 7.3 m
under the surface level. The reactor itself and the building sector in the modulus V-G/10-12 under the
emergency basin is located at depths of —12.3 m and — 13.8 m. The complicated wall configuration inside
the hermetic zone provides more possibilities for the occurrence of local peak strain into the spoil liaison
wall and panel.

The general purpose of the reconstruction of NPP V1 (Kralik, 2002) was to increase the reliability and
safety of service in the hermetic zone by establishing a new condensation system using the space of an
800 m® tank with its cooling water for cutting down the radioactivity of escaped steam and its chilling from
any accident that occurred and depressurization in the hermetic zone (Kralik, 2002). The new cooling
system includes piping systems and backward shutters that were installed in the newly-built holes of the
tank ceiling plate in modulus 10/G (Figure 1). Therefore, we have to check the resistance and reliability of
the upgraded structures through calculations and an experimental strength test. From 1995-96, the new
technology system of the bearing structures of the hermetic zone were tested, and in accordance with a
reconstruction project from 1999-2000, the bearing frames of the hermetic space have been checked after
the application of a new safety system for accidents and after reconstruction of the bearing structure.

In the case of the analysis PSA 3 level it is necessary to determine the probability of the concrete structure
failure under higher overpressure (Kralik, 2009).

The general purpose of the probabilistic analysis of the containment integrity failure was to define the
critical places of the structure elements and to estimate the structural collapse (Kralik, 2005, 2009, 2010).

Two critical structures are in the NPP object — the containment (CTMT) and the emergency water
safety tank (EWST). The foundation conditions under the NPP V1 structure are also complicated.

The complicated wall configuration inside the hermetic zone provides more possibilities for the
occurrence of local peak stress along the contact of walls and plates. The computational FEM model of the
NPP V1 structures is presented in Figure 2.

s

EBO V1 * FEM model of NPP V1 in Jaslovske Bohunice

EBO V1 * FEM model of NPP V1 in Jaslovske

Figure 2. Computational model of the NPP building with layered shell elements.
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For a complex analysis of the reinforced concrete structure of the hermetic zone for different kinds of
loads, the ANSY'S software and the CRACK program (Kralik, 2009, 2010) were provided to solve this task.
The building of the power block was idealized with a discrete model consisting of 26 923 elements with
325036 DOF. The link finite elements and the infinite layered space elements developed by the author
(Kralik, 2009) were used to model the soil. The link finite elements for the model of the thin soil layer
under the power block building loaded by a steam pressure are accurate enough, and thus create a more
realistic model. Recently the soil under the foundation plate has been consolidated.

The accident scenario was defined by SIEMENS KWU, VUEZ Tlma¢e and VUJE Trnava within the
Phare program and “The NPP V1 Reconstruction Project” (Kralik, 2002).

2. Nonlinear Solution of Concrete Cracking and Crushing

The probabilistic analysis of the containment integrity failure is based on the nonlinear analysis of the
concrete structures due to the accident of the coolant system and under the high level of the overpressure
into the box of the steam generator (Kralik, 2009, 2010).

The theory of large strain and rate independent plasticity were proposed during the high overpressure
loading using the SHELL91 or the SHELL281 layered shell element from the ANSYS library (Kohnke,
2008).

The vector of the deformation parameters {r} of this element (Figure 3) with the corner nodes “1, 2, 3,
4” and midside nodes “5, 6, 7, 8 is defined in the form

{r}={ry, 12, 13, Ta, Ts, T, 17,15}, {Fi}={Ug, Uyi, Uz, 6, G} Vi=1.8 (1)

The vector of the displacement of the I-th shell layer {u'}:{u'x,u'y,ui}T is approximated by the quadratic
polynomial (Kralik, 2009) in the form

|
| UT e Uy; 8 é,t al,i bl,i axi
{u't=quy b= Noqug b+ > N2 a, by . p )
| i=1 i=1 2 yi
uz uzi a3,i b3,i
where N; is the shape function for i-th node of the 8-node quadrilateral shell element, uy;, uy, U, are the
motion of i-th node, {is the thickness coordinate, t; is the thickness at i-th node, {a} is the unit vector in x
direction, {b} is the unit vector in plane of element and normal to {a}, 6, or 6, are the rotations of i-th
node about vector {a} or {b}.
The linear strain vector {z'} for the I-th layer is related to the nodal displacement vector by

(o) =[8 )} o

where [B'] is the strain-displacement matrix based on the element shape functions.
In the case of the elastic state the stress-strain relations for the I-th layer are defined in the form

222 5th International Conference on Reliable Engineering Computing (REC 2012)



A RSM Method for Nonlinear Probabilistic Analysis of the NPP Reinforced Concrete Structures

to'j=[o]{e'} )

where {&' }T ={6,.8,.7:7 7} and {c" }T ={0,.0,.,7,.,7,,.7,,| and the matrix of the material stiffness
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where B' :—yl, E! (versus E'y) is Young modulus of the I-th layer in the direction x (versus y),

2
Ely _(“lY) E,
G,, . Gy, G,, are shear moduli of the I-th layer in planes XY, YZ and ZX; k; is the coefficient of the

yz !

> 1.2), Ais the element area, t is the element thickness.

effective shear area (k, =1+0.2 222

Element Coordinate System

W

Figure 3. The shell element with 8 nodes.

2.1. GEOMETRIC NONLINEARITY
If the rotations are large but the mechanical strains (those that cause stresses) are small, then a large rotation

procedure can be used. A large rotation analysis is performed in a static analysis in the ANSYS program
[10].
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The strain in the n-step of the solution can be computed from the relations
{gn}:[BO][Tn]{un}’ )

where {u,} is the deformation displacement, [B,] is the original strain-displacement relationship, [T,]is

the orthogonal transformation relating the original element coordinates to the convected (or rotated)
element coordinates.

The convected element coordinate frame differs from the original element coordinate frame by the
amount of rigid body rotation. Hence [T,] is computed by separating the rigid body rotation from the total
deformation {u,} using the polar decomposition theorem. A corotational (or convected coordinate)
approach is used in solving large rotation/small strain problems (Kohnke, 2008).

2.2. MATERIAL NONLINEARITY

The presented constitutive model is a further extension of the smeared crack model (Bazant et al, 2007,
Cervenka, 1985; Hinton and Owen, 1984; Hughes, 1984; Meskouris et al, 1997; Ofiate et al, 1993), which
was developed in (Kralik, 2000). Following the experimental results (Cervenka, 1985; Kupfer, 1969; Jerga
and Krizma, 2006) a new concrete cracking layered finite shell element was developed and incorporated
into the ANSYS system (Kralik, 2009). The layered approximation and the smeared crack model of the
shell element are proposed.

The processes of the concrete cracking and crushing are developed during the increasing of the load.
The concrete compressive strength f., the concrete tensile strength f; and the shear modulus G are reduced
after the crushing or cracking of the concrete (Kolmar, 1986).

In this model the stress-strain relation is defined (Figure 4) following ENV 1992-1-1 (1991)

< Loading in the compression region &, <&"<0

eq

_ 2
off = fof K= 2 (e, =-0.0022, &

. , - =-0.0035 6
© " L+(k-2)p &, ) ©
< Softening in the compression region En<ET<e,
eq _
ol = £ -(1— o ] ™
Em —

S The tension region g <ef<e,
o = f.exp(-2.(" &)/ &) (g =0.0001, ¢,,=0.002) (8)
In the case of the plane state the strength function in tension f, and in compression f, were considered

equivalent values f™ and f™.

In the plane of principal stresses (o1, o) the relation between the one and bidimensional stresses state
due to the plasticity function by Kupfer (see Figure 5) can be defined as follows:
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Figure 4. The concrete stress-strain diagram. Figure 5. Kupfer’s plasticity function.
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f =f.r,, ret:#, B=Kx+A, x=o,/f, (11)
' AB

r,=1.<x=0, r,=02cx=1
The shear concrete modulus G was defined for cracking concrete by Kolmar (Kolmar, 1986) in the form
1 (e,
G=r,G,, 1, =gln C_l , €, =7+333(p-0.005), c,=10-167(p—0.005), (12)

where G, is the initial shear modulus of concrete, ¢, is the strain in the normal direction to crack, ¢; and ¢,

are the constants dependent on the ratio of reinforcing, p is the ratio of reinforcing transformed to the plane
of the crack (0< p<0.02).
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It is proposed that the crack in the one layer of shell element is oriented perpendicular to the orientation
of principal stresses. The membrane stress and strain vector depends on the direction of the principal stress

and strain in one layer
teef=[THel Howi=[T o}, (13)

where [T,], [T, ] are transformation matrices for the principal strain and stress in the direction & in the
layer.

cos’ @ sin’ @ sin@cosé 0 0
sin” @ cos’d  —sin@cosd 0O 0
[T.]=| -2sin6cos® 2sinfcosd  cos26 0 0 (14)
0 0 0 cos@ sind
i 0 0 0 —sing cosd |
cos’ 6 sin@  2sinfcosd 0 0 |
sin’ @ cos’#  —2sindcosd® 0O 0
[T,]=|-sin@cosé sinfcos®  cos20 0 0
0 0 0 cos@ sind
i 0 0 0 —sing cosd |

The strain-stress relationship in the Cartesian coordinates can be defined in dependency on the direction of
the crack (in the direction of principal stress, versus strain)

[ow]=[Dy]{e.} and therefore [a]z[TU]T[Dcr][Tg]{g} (15)

For the membrane and bending deformation of the reinforced concrete shell structure the layered shell
element, on which a plane state of stress is proposed on every single layer, was used.
The stiffness matrix of the reinforced concrete for the I-th layer can be written in the following form

Nrem
(oL J=[m. T [oL . ]+ 2 [ ] []m] (16)
s=1
where [T.J], [Ted, [Ts] are the transformation matrices for the concrete and the reinforcement separately,
Nrein i the number of the reinforcements in the I-th layer.

After cracking the elasticity modulus and Poisson’s ratio are reduced to zero in the direction
perpendicular to the cracked plane, and a reduced shear modulus is employed. Considering 1 and 2 two
principal directions in the plane of the structure, the stress-strain relationship for the concrete I-th layer
cracked in the 1-st direction, is
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o, 00 0 0 O &

o, 0 E O 0 0 &,

¢ =(0 0 G; 0 0 Y12 (17)
D13 00 0 G; O N3

Tu)y 100 0 0 Gy 4 ez,

where the shear moduli are reduced by the coefficient of the effective shear area ks and parameter rgy; by
Kolmar (12) as follows: Gj; =G,.r,,, Gj =G,r,, Gxz=G,/k,
When the tensile stress in the 2-direction reaches the value f,’, the latter cracked plane perpendicular to

the first one is assumed to form, and the stress-strain relationship becomes :

o, 0 0 0 0 0 &

o, 0 0 0 0 0 &,

0 =[0 0 G3/2 0 0 |4y, (18)
T3 00 0 G; 0 V13

7s), [0 0 0 0 ng, V)

where the shear moduli are reduced by the parameter ry; and rg, by Kolmar (12) as follows: G =G, .r,,,

G; =G,.I,,, G5 =G,r,,. The cracked concrete is anisotropic and these relations must be transformed to

the reference axes XY. The simplified averaging process is more convenient for finite element formulation
than the singular discrete model. A smeared representation for the cracked concrete implies that cracks are
not discrete but distributed across the region of the finite element.

The smeared crack model (Cervenka, 1985; Oiiate, 1993), used in this work, results from the
assumption, that the field of more micro cracks (not one local failure) brought to the concrete element will
be created. The validity of this assumption is determined by the size of the finite element, hence its

characteristic dimension L, = JA , where A is the element area (versus integrated point area of the element).
For the expansion of cracking the assumption of constant failure energies G = const is proposed in the form

0

G =[o, (Wdw=A L, W= sl (19)
0
where w; is the width of the failure, o, is the stress in the concrete in the normal direction, Ag is the area
under the stress-strain diagram of concrete in tension. Concrete modulus for descend line of stress strain
diagram in tension (crushing) can be described according to Oliver (Cervenka, 1985; Ofiate, 1993) in
dependency on the failure energies in the form

E 2G,E,
Ec s 1 Cl ! /1(: = L 2 ! (20)
7 ¢ *O max
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where E. is the initial concrete modulus elasticity, omax iS the maximal stress in the concrete tension. From
the condition of the real solution of the relation (20) it follows, that the characteristic dimension of element
must satisfy the following condition

2G,E,
L, <

C 2 )
Gmax

(21)

The characteristic dimension of the element is determined by the size of the failure energy of the element.
The theory of a concrete failure was implied and applied to the 2D layered shell elements SHELL91 and
SHELL281 in the ANSYS element library (Kohnke, 2008).

The limit of damage at a point is controlled by the values of the so-called crushing or total failure
function F,. The modified Kupfer’s condition (Kupfer, 1969) for the I-th layer of section is following

FUIZFUI(IEJ_;IEZ;(C/‘U)ZOI FuI: ,8(3\152)4‘(2'51_8 :O’ (22)

u

where 14, J are the strain invariants, and &, is the ultimate total strain extrapolated from uniaxial test
results (&, =0.002 in the tension domain, or &, =0.0035 in the compression domain), «, S are the material
parameters determined from the Kupfer’s experiment results ( f=1.355, o =0.355¢,).

The failure function of the whole section will be obtained by the integration of the failure function
through to the whole section in the form

F, =

|

t
J. FuI (Iel; l..: €, )dZ :%ZFJ (Iel; l..; €, )tl (23)
0

where t, is the thickness of the I-th shell layer, t is the total shell thickness and N, is the number of layers.
This failure condition is determined by the maximum strain & of the reinforcement steel in the tension area

(max(eS ) < &, =0.01) and by the maximum concrete crack width w; (max(w,)<w,, =0.3mm).

3. Degradation of Reinforced Concrete Structure

The safety of nuclear power plants could be affected by the age related degradation of structures (ACI,
1989) if it is not detected prior to the loss of the functional capability and if timely corrective action is not
taken.

The reduction even or the loss of functional capability of the key plant components could reduce the
plant safety. Mild steel reinforcing bars are provided to control the extent of cracking and the width of
cracks at operating temperatures, to resist tensile stresses and computed compressive stresses for elastic
design, and to provide the structural reinforcement where required. Potential causes of degradation of the
reinforcing steel would be corrosion, exposure to elevated temperatures and irradiation (ACI, 1989; Kralik,
2009; Li, 2005; Meskouris and Wittek, 1997; Teply et al., 2010).

So-called ,,uniform* or general corrosion consists of approximately uniform loss of metal over the
whole exposed surface of the reinforcing bar. Faraday’s law indicates that a corrosion current density of
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icorr = 1 A cm corresponds to a uniform corrosion penetration of 11.6 um year™. Thus the reduction of the
diameter of a corroding bar, AD, at time T, can be estimated directly (in mm) from i, as

AD(T)= 0.0232} i (1), (24)

TO

where T is the actual time, T, is the time of corrosion initiation (in years). If a constant annual corrosion rate

is assumed, equation (24) reduces to the following equation
AD(T)=0.0232(T —T,)i

corr

The net cross-sectional area of a reinforcing bar, A, at time T, is then equal to

”ES, T<T,

A(T)= 2 : (25)
ﬂ[Do_AD(T)] T>T
4 ! 0

where D, is the initial diameter of the reinforcing bar (in mm).

Z

<

11.EBC V1 * Emergency Water Storage Tank * Degradaticn model
Figure 6. Computational model with two vertical cracks.

The limit concrete strength and its Young modulus are practically not changed during the corrosion
process. The corrosion process can be considered as the reduction of the reinforced steel cross section. The
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state of the NPP reinforced concrete structures has been periodically monitored in the frame of the IAEA
requirements for safety and reliability of the NPP performance.

Special attention was paid to the EWST structure. After 10 years of the operation, two vertical cracks in
the wall in axis 12, near the contact of the reactor corps and the basin wall, were identified (Figure 6). Also,
hence the degradation effects at the bottom of the emergency water storage tank were identified (Figure 7).
These effects were the consequence of the corrosion process of the reinforced steel in the basin plate.

Steel corrosion intime
12-2 Il Il 1
—— Sommer
12.0 —0o— Faraday
\ ——Pit
118 = ‘ ‘

N T

Diameter [mm]
PN

11.4 \%
11.2
0 5 10 15 20 25 30 35
Time [years]
Figure 8. Detail of reinforcement and the concrete crack. Figure 9. Steel corrosion depending on time.
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There is proposed conservatively that this corrosion process had been acting from 10 to 20 years. In
regard to all uncertainties to define the influence of the corrosion effects and to identify cracks the state of
the NPP structure resistance is investigated using the probabilistic methodology and conservative
proposition of the degradation processes.

The corrosion effects of the reinforcement at the basin bottom and in the concrete cracks were
considered according to Faraday’s law (Figure 9) using the uniform corrosion penetration (of
11.6 pm.year™). This assumption is also conservative from the point of view of the higher safety level
(ACI, 1989).

4. Nonlinear Deterministic Analysis

The critical sections of the structure were determined on the base of the nonlinear analysis due to the
monotone increasing of overpressure inside the hermetic zone (Kralik and Cesnak, 2000; Kralik, 2002). The
resistance of these critical sections was considered taking into account the design values of the material
characteristics and the load. The combination load and design criteria were considered for the BDBA state
(IAEA, 2008).

The critical areas were identified in the connection walls and plate of the hermetic zone at level
+ 10.5 m near the hole in the modulus ,,10“ and ,,V* (Figure 10). The tension forces and the bending
moments were concentrated between two outside large walls.

.002281

660E-03 00132
329803 9908-03

11.EBO V1 * NPP Contai;

001895

353-04 16-03 . 13TE-03 001123 001509 002667 003053
| 11.EBO V1 * NPP Containment for LOCA (p=320kPa) *

Figure 10. Critical area of containment structure loading at overpressure 320 kPa.

On the base of the nonlinear analysis of the containment resistance for median values of the material
properties and failure function (22) the critical overpressure was equal to 309 kPa without the degradation
effect and 287 kPa (versus 283 kPa) with degradation effects during 10 years (versus 20 years) (Figure
11a).

The capacity of the concrete wall of the EWST structure is equal 45% without considering the
degradation effect (versus 50% with the degradation effect after 20 years) under overpressure 300kPa in the
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CTMT structure (Figure 11b). The temperature of the water (about 55°C) in the emergency tank (EWST)
affects the compression in the tank wall as the prestressed. This effect is opposite to the overpressure effects
in the CTMT. The degradation effect occurs during overpressure higher than 150 kPa (Figure 11).

175 Non-linear analvsis of CTMT 50 Non-linear analvsis of EWST
fis] I I I I I I I I I
150 A —— without degradation g N ——vwithout degradation L]

— o afterdegradation i = 01 o after degradation

=125 4 - : : = o : o

2 > after 10vears h/g = 40 H °© after 10 years f

_Eé 100 4 = after20vears ~ 2 & after20 vears

5 75 ol g 30 J

= 5 E/W 2 20 a

5 2 ‘o

= 25 4 = 10 f

SI g"y.rﬂ S B i
0 50 100 150 200 230 300 350 400 0 50 100 150 200 230 300 330
Overpressure in Containment [kPa] Overpressure in Containment [kPa]

Figure 11. The capacity utilization of the reinforced concrete containment (CTMT) and emergency water storage tank (EWST) due
to overpressure with and without degradation effects.

5. Probabilistic Analysis of the Structure Reliability

Recent advances and the general accessibility of information technologies and computing techniques give
rise to assumptions concerning the wider use of the probabilistic assessment of the reliability of structures
through the use of simulation methods in the world (Haldar and Mahadevan, 2000; Kralik, 2009; Lenkei
and Gyorgyi, 1999; Vejvoda, 2003;). A great attention should be paid to using the probabilistic approach in
an analysis of the reliability of structures (Bazant et al., 2005; Holicky and Markova, 2000; Kala, 2011;
Melcher et al., 2004; Voiechovsky and Chudoba, 2006).

Most problems concerning the reliability of building structures are defined today as a comparison of
two stochastic values, loading effects E and the resistance R, depending on the variable material and
geometric characteristics of the structural element. The variability of those parameters is characterized by
the corresponding functions of the probability density fr(r) and fe(e). In the case of a deterministic approach
to the design the deterministic (nominal) attributes of those parameters Ry and E4 are compared.

The deterministic definition of the reliability condition is of the form

R, > E, (26)
and in the case of the probabilistic approach it is of the form
RF=g(R,E)=R-E=0 (27)

where g(R,E) is the reliability function.
The probability of failure can be defined by the simple expression
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P, =P[R<E]=P[(R-E)<0] (28)

The reliability function RF can be expressed generally as a function of the stochastic parameters X;, X, to
Xn, used in the calculation of R and E.

RF =g(X,, Xy, X)) (29)

The failure function g({X}) represents the condition (reserve) of the reliability, which can be either an
explicit or implicit function of the stochastic parameters and can be single (defined on one cross-section) or
complex (defined on several cross-sections, e.g., on a complex finite element model).

In the case of simulation methods the failure probability is calculated from the evaluation of the statistical
parameters and theoretical model of the probability distribution of the reliability function Z = g(X). The
failure probability is defined as the best estimation on the base of numerical simulations in the form

P, =%§I[g(xi)£0] (30)

where N in the number of simulations, g(.) is the failure function, I[.] is the function with value 1, if the
condition in the square bracket is fulfilled, otherwise is equal 0.

The RSM method was chosen for the PSA analysis of the containment safety. It is based on the
assumption that it is possible to define the dependency between the variable input and the output data
through the approximation functions in the following form:

Y=co+icixi+ic”x5+§icijxixj (31)
i=1 i1 i=1 j>i

where ¢, is the index of the constant member; c; are the indices of the linear member and c;; the indices of
the quadratic member, which are given for predetermined schemes for the optimal distribution of the
variables or for using the regression analysis after calculating the response. Approximate polynomial
coefficients are given from the condition of the error minimum, usually by the "Central Composite Design
Sampling" (CCD) method or the "Box-Behnken Matrix Sampling" (BBM) method (Kohnke, 2008).

The computation efficiency of the experimental design depends on the number of design points, which
must be at least equal to the number of the unknown coefficients. In the classical design approach, a
regression analysis is carried out to formulate the response surface after calculating the responses at the
sampling points. These points should have at least 3 levels for each variable to fit the second-order
polynomial, leading to 3* factorial design. This design approach becomes inefficient with the increasing of
the number of random variables. More efficient is the central composite design, which was developed by
Box and Wilson (Kohnke, 2008).

The central CCD method is composed of (Figure 13a) :

1. Factorial portion of design — a complete 2* factorial design (equal — 1, + 1)

2. Center point — n, center points, n, > 1 (generally n, = 1)

3. Axial portion of design — two points on the axis of each design variable at distance « from the

design center
Then the total number of design points is N = 2“+ 2k + n,, which is much more than the number of the
coefficients p = (k + 1)(k + 2)/2. The graphical representation for k = 3 and the matrix form of the coded
values are represented in Figure 13.
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Figure 12. A procedural diagram of the probabilistic calculations using the ANSY'S software system.

It is advisable to use the displacement-based FEM for reliability analysis of the complicated structures
with one of the defined simulation methods. In this work the ANSYS licensed program [10] with a
probabilistic postprocessor was utilized for the probability analysis of the reliability of the NPP structures
for various action effects. In Figure 13, the procedural diagram sequence is presented from the structure of
the model through the calculations, up to the evaluation of the probability of the structural failure.

A . A
1
...... I ey [N USSR ¥
H '
| D& 4 | D&
a) The Central Composite Design b) The Box-Behnken Matrix Design

Figure 13. Distribution schemes of the stochastic numbers of the RSM method for three input variables

The postprocessor for the probabilistic design of structures enables to define the random variables using
the standard distribution functions (normal, lognormal, exponential, beta, gamma, Weibull, etc.), or
externally (user-defined sampling) using other statistical programs as the AntHILL or the FREET. The
probabilistic calculation procedures are based on the Monte Carlo simulations (DS, LHS, user-defined
sampling) and the approximation RSM method (CCD, BBM, user-defined sampling) [15 and 17]. The RSM
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method generates the explicit performance function for the implicit or complicated limit state function. This
method is very effective for robust and complicated tasks.

On the base of experimental design, the unknown coefficients are determined due to the random
variables selected within the experimental region. The uncertainty in the random variables can be defined in
the model by varying in the arbitrary amount producing the whole experimental region.

6. PSA Level 3 Analysis of Containment Failure

The methodology of the probabilistic analysis of integrity of reinforced concrete structures of containment
results from requirements (IAEA, 2008) and experience from their applications (Kralik, 2009, 2010 and
2011; Lenkei and Gyorgyi, 1999, Melcher et al., 2004; Rosowsky, 1999; Vejvoda, 2003; Vorechovsky and
Chudoba, 2006).

The probability of containment failure is calculated from the probability of the reliability function RF in
the form,

P;=P(RF <0) (32)
where the reliability condition RF is defined depending on a concrete failure condition (30)
RF=1-Fy(ZLs; da; &) &, (33)

where the failure function F,(.) was considered in the form (23).

The previous design analyses, calculations and additions include various uncertainties, which determine
the results of probability bearing analysis of containment structural integrity are presented in Table 1. Due
to the mentioned uncertainties of the input data for the probabilistic analysis of reinforced concrete
containment structures loss of integrity the mean values and standard deviations, the variable parameters for
normal, lognormal and beta distribution were determined.

Table | Variable parameters of the input data

Soil Material Loads Model
Stiffnress  Young Dead Live Pres- Tempe- Action Resist.
Modulus load load sure rature uncertaint uncertaint

Characteristic value kz Ey Gy Qx Py Ty Tey Try
Variable KZyar €var Ovar Ovar Puar tar Tevar Tryar
Histogram type N LN N BETA N BETA N N
Mean value p 1 1 1 0.643 1 0.933 1 1
Deviation o [%] 5 11.1 10 22.6 8 14.1 5 5
Minimum value 0.754 0.649 0.621 0.232 0.662 0.700 0.813 0.813
Maximum value 1.192 1.528 1.376 1.358 1.301 1.376 1.206 1.206

On the base of the RSM simulations the increment vector of the deformation parameters {Ar;} in the FEM
is defined for the s-th simulation in the form

{Ar} =[Key (E, k., F, )] {AF(G,,Q..P.T,)} (34)

and the strain vector increment
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{Ae,} =[B,]{Ar } (35)

where [Kg, ] is the nonlinear stiffness matrix depending on the variable parameters E,kz, and F_, F, is
the Kupfer’s yield function defined in the stress components, {AF} is the increment vector of the general

forces depending on the variable parameters G,,Q,, P, and T, for the s-th simulation. The total strain vector

is defined as the sum of the strain increments.

Resulting from the variability of the input quantity 25 simulation steps on the base of the RSM method
under the ANSYS-CRACK system were realized (Kralik, 2005 and 2009). The probability of loss
containment structure integrity was calculated from 10° Monte Carlo simulations for 25 steps of the RSM
approximation method on the full structural FEM model. The probability analysis was considered for the
structural model without (model V1_10) and with (model V1 _11) the wall cracking and the corrosion
effects below the emergency tank (Figure 1).

Nstep

{a)= > (Ae ), (30)

istep=1

The evaluation of the probabilistic sensitivities was calculated from the correlation coefficients between
all random input variables and a particular random output parameter by Spearman. These analyses show
(Figure 14) that the variability of the overpressure and the structure stiffness has the fundamental impact
upon the reliability of the containment. The effects of the variability of the concrete stiffness are dominant
in the model V1_10 without the degradation effect (Figure 14a), and on the other hand, the variability of the
overpressure is dominant in the model V1_11 with the degradation effect (Figure 14b).

The probability of the concrete structure failure in accordance with the relation (33) under overpressure
320 kPa is less than 10 in the model without cracking effects (original status). If the influence of the tank
wall cracking and the corrosion effects are considered the probability of failure is equal 1.375.10™ for
overpressure 320 kPa. The histograms of the reliability function RF under overpressure 320 kPa for two
models without (V1_10) and with (V1_11) the degradation effect, respectively, are presented in Figure 15.
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Figure 14. Sensitivity of reliability function RF.

236 5th International Conference on Reliable Engineering Computing (REC 2012)



A RSM Method for Nonlinear Probabilistic Analysis of the NPP Reinforced Concrete Structures

Histogram AN Histogram AN
Result Set RSM Result Set RSM
04 .04
MEAN  0.50894E+00 MEAN  0.29213E+00
STOEV  0.63947E-01 STOEV 0. 74264801
R-03%. SKEW  0.45320E+03 R 03 SKEW  0.26266E+03
KURT 0. 15668E+07 KURT  0.15469E+07
e MIN  0.155438+00 e MIN  -0.866428-01
1.0 MEX  0.7289TE+00 1.0 MBX  0.584108400
a a
t o2 t o2
i i
v v
o024 a.024
F .o .oz
r r
e e
.0l .0l
q q
u u
o.012] o.012]
n n
C 008 C .o08] l
! ! |
004 .004] il
d . d il
155427 282881 410336 .537791 (665245 086642062411 211464 1360516 .509569
.219154 46609 474083 .601518 —ozide T 1s63T T 2e99 .435043
10.FBO V1 * NPP Containment for IOCA (p=320kPa) * 11.FBO V1 * NPP Containment for LOCA (p=320kPa) *

Figure 15. Reliability function RF under overpressure 320 kPa for two models: a) without the degradation effect, b) with the
degradation effect

7. Conclusions

The probability analysis of the loss of the concrete containment integrity was made for the overpressure
loads from 40 kPa to 320 kPa using the nonlinear solution of the static equilibrium considering the
geometric and material nonlinearities of the reinforced concrete shell layered elements. The nonlinear
analyses were performed in the CRACK program, which was developed by the author and implemented
into the ANSYS system (Kralik and Cesnak, 2000; Kralik, 2009). The uncertainties of the loads level
(longtime temperature and dead loads), the material model of the composite structure (concrete cracking
and crushing, reinforcement, and liner), the degradation effects (carbonization and reinforcement corrosion)
and other influences following from the inaccuracy of the calculated model and the numerical methods
were taken into account in the Monte Carlo simulations on the base of the RSM method (Kralik, 2009). The
reliability function RF was defined in dependency on the failure function F, (Z;; J,»; &) for requirements of
the PSA analysis in the form (23). The probability of the loss of the concrete containment integrity is less
than 10 for the original structural model. In the case of the degradation effects of the concrete structure
under the emergency tank the probability of the containment failure is equal to 1,375.10* for the
overpressure 320 kPa. The theory of the nonlinear analysis using the RSM method was developed in the
framework of the VEGA grant project (Kralik, 2009).
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