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LIST OF SYMBOL AND ABBREVIATIONS

Symbols
D, — standard deviation of the normal or uniform random variables
bN — standard deviation of the critical load force N,,
D() — variance errors
E — Young modulus
E() — expectation operator
EWV,) — error of variances
E(L,.) — single element error
E, — Young modulus expected value
EG,,) — global errors of covariance matrix
f(X) — joint normal probability density
f(X, /X, ) - conditional distribution
| (%) — truncated t normal probability density
f,(X,, / X} ) — conditional distribution
fs(s) — probability density function of S
F(x) — cumulative distributions of x variable
Fp — cumulative distributions of the external load
Fp(s) — cumulative distribution function of load P
K — correlation function
K — theoretical covariance matrix
C — estimator of covariance matrix
K — the norm of covariance matrix K

Kg(r,ry) —Brown field

¢ — conditional covariance matrix

my — expected values of the critical load force N,
m,, —mean value of the normal or uniform random variables
N(r,w)  — White noise field

N, — critical load

NR — number of realizations
p — probability

Py — probability of failure

P — external load

r — position vector

R — structural reliability

S(r,w) — Homogeneous (Shinozuka) field

X(r, ) — vector of random field

X, — conditional expected value vector

w — expected value

w — estimator of the expected value

w — mean value

— estimators of mean value
(r,w)  — Wiener field
— coefficient of variations

R I =



List of symbol and abbreviations

a; — limit state histogram multiplier

B — reliability index

L(x,y) —normalized homogeneous random field
7 — coefficient of variation

72 — coefficient of asymmetry

73 — coefficient of kurtosis

5 — Dirac delta

A — load parameter

Aes Ay — decay coefficients

14 — Poissson coefficient

o, — standard deviation

G, — estimator of the standard deviation

o, — material yield stress value

0,0 — expected value of material yield stress value

Abbreviations

CDF — cumulative distribution function
FEM — finite element methods

FFT — fast Fourier transform technique
FORM — first-order reliability methods
PDF — probability density function
SFEM — stochastic finite element methods
SORM — second-order reliability methods

SBEM — stochastic boundary element methods



Chapter 1

INTRODUCTION

1.1. General remarks

In contemporary mechanics the problem of understanding the structural responses to
the initial data, such as loads, material and geometric properties has become one of the
major concerns of engineers and scientists. It is now generally accepted that initial
discrepancies and random loadings should be considered in engineering design. For
example, Arbocz (1998) wrote: It is felt that quantifying and understanding the “problem
of uncertainties” and their influence on the design variables provides an approach which
will ultimately lead to a better engineered, better designed, and safer structure.

The main purpose of structural mechanics is creation and analysis of theoretical
models of real engineering structures. The response of a large class of imperfection-
sensitive structures (thin shells, thin-walled beams, arches, trusses, frames and others)
exhibit some features of chaotic systems. It is also known that the effect of structural
imperfections can evidently decrease their nominal load carrying capacity (Arbocz and
Starnes 2002, Khamlichi et al. 2004, Papadopoulos and Papadrakakis 2004). For that reason
the stability of one-, and two-dimensional structure models with some imperfection has
been of great concern to researchers (Huseyin 1975, Kleiber and Wozniak 1991, Thompson
and Hunt 1973, Tylikowski 1991, Waszczyszyn et al. 1990). These models deal mainly
with elastic stability, and deterministic imperfections. Alternative methods are also
implemented. The random nature of the structure behaviour has initiated the use of
probabilistic methods (see Augusti et al. 1984). Random vibrations and stochastic processes
are the most explored subjects (Sniady 2001, Skalmierski and Tylikowski 1982, Solnes
1997). On the basis of measured and experimental data the initial structure discrepancies
can be realistically described by random variables or random fields (Arbocz and Starnes
2002). The developed methods of the structural data identification are related mainly to
dynamic problems (Brandt 1998, Bendat and Piersol 1971 and 1993, Devroye et al. 1996,
and Bendat 1990), and their application to the static analysis needs further investigation.
Theoretical considerations (see Zubrzycki 1966, Botlotin 1968, Borowkow 1977, Elishakoff
1983, Srivastava and Carter 1983, Bethea et al. 1984, or Doob 1994) form the basis for the
engineering solutions. It should be mentioned that the probabilistic analysis should be used
cautiously. For example, Ferson and Ginzburg (1996) demonstrated what spurious results
could be obtained by an inappropriately applied stochastic method.

Within the range of the probabilistic analysis the most common analytical method in
the assessment of uncertainty of structures and loads is the Perturbation Technique (Kleiber
and Hien 1992, Augusti et al. 1984). A great variety of Stochastic Finite Element Methods
and Stochastic Boundary Element Methods have been developed to describe the safety of
structures and the sensitivity problems (see Anders and Hori 1999 and 2000, Kleiber and
Hien 1992, Kleiber and Wozniak 1991, Burczynski and Skrzypczyk 1999, Burczynski
1995). Statistical models for the description of material failures have also been
implemented (see, for example, Krajcinovic 1996).
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A more general approach to assess the random nature of the engineering structures is
the estimation of their reliability (Cederbaum and Arbocz 1996b, Ditlevsen and Madsen
1996, Murzewski 1989, Raizer 2004, Thoft-Christensen and Murotsu 1986, Simonnet 1996,
Biegus 1999, Beniamin and Cornell, and many others). The following techniques are in
use: the Monte Carlo methods, First and Second Order Reliability Methods , Response
Surface methods, and Artificial Neural Networks. An important part of the finite element
modelling in a reliability context is the representation of random fields describing the
statistical variation of properties or structure parameters. Various ways have been suggested
for doing this (e.g. Vanmarcke et al. 1986, Li and Der Kiureghian 1993, Zhang and
Elingwood 1995, Matthies et al. 1997).

The probabilistic methods have a great influence on the engineering design (see
Haugen 1968, and Lind (Ed.) 1970). A short review of the theory of reliability and its use
for design codes can be found in Raizer (2004). A relatively new concept, known as
Simulation Based Reliability Assessment, takes advantage of the simulation of random
variables describing loads and material properties, and of the Monte Carlo method (Marek
et al. 1996, 1998, 1999a, and 1999b). The random sampling approaches are not new (see,
for example, Bucher 1997, Augusti et al. 1984, Elishakoff 1978, and Hurtado and Barbat
1998), but the idea of applying these methods to practical design procedures deserves
attention. The performed stochastic analysis of real engineering structures also allows for
finding the shortcomings in the existing codes. To illustrate this the numerical calculation
of reinforced columns carried out by Hong and Zhou (1999) suggests that the code of the
Canadian Standard Association may not be reliability consistent by ignoring the correlation
between variability of eccentric loads and the bending moments. The inconsistency of the
reliability/redundancy factor in the current code is pointed out by Went (2001). Some
computer commercial programs based on the probabilistic methods have also been
prepared, e.g. MCREL (Frangopol et al. 1996), @RISK (Low and Tang 2004), COSSAN
(Bucher and Schuéller 1994), and others.

It should be stressed that the assessment of reliability, safety and also stability of
structures with initial imperfection and random loading belong to the most complex
problems in applied mechanics. The probabilistic calculation procedures can be carried out
with varying degrees of complexity. The analytical description of stochastic problems can
be presented in the following form

L, (a))[u(r, w)}:P(r, ) (1.1)

where @ is an elementary event, L (@) is a nonlinear stochastic operator depending on
random variables, u(r, @) and P(r, @) are vector random fields of displacements and
loading, and r is a position vector. To complete the above equation boundary and/or initial
random conditions should be known.
Using Eq. (1.1) a general classification of theoretical models of structures can be
specified:
— linear stochastic models (operator L (@) is linear and deterministic; the loadings are
random only),
— stochastically nonlinear models (operator L, (@) is linear but some parameters or
functions of this operator are random),
— general nonlinear stochastic models.
It is worth noting that exact analytical solutions of the stochastic problems exist only
for very simple models of structures and uncomplicated cases of loading. For more
complex two- and three-dimensional structures the solution of Eq. (1.1) is not explicitly
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available. Moreover, in many cases nonlinear geometric effects are combined with plastic
deformations. In such circumstances, Eq. (1.1) can be evaluated only numerically.

In this work some general nonlinear stochastic models for static analysis of
physically and geometrically nonlinear models of structures with random geometric
and material imperfections are implemented. The load action is considered random
but the modelling of the loading is not discussed here. It is assumed that the limit state of
the structure is known as a function of a number of random variables. The Monte Carlo
simulation seems to be the only method to solve such a class of nonlinear problems.
Thus, digital simulations of random variables and random fields on regular or irregular
two-dimensional meshes in conjunction with the probabilistic methods are applied. The
simulation process is based on the original conditional, rejection method of generation
proposed by Bielewicz et al. (1985a) and modified by Biclewicz et al. (1994b) and
Walukiewicz et al. (1997).

Structural initial imperfections are assumed as random fields described in terms of a
set of generated realizations and the resulting statistic estimators. This leads to solutions of
a set of deterministic problems for the assessment of the response of the structural models.
Therefore, the simulation methods of random variables and random fields are of primary
significance. The proposed methodology to solve the random problems can be described as
a random sampling method or a simulation-based approach. This method allows for a
complex analysis of liner or non-linear models of imperfect structures.

The Monte Carlo method combined with a finite element program analysis is
employed. The numerically obtained critical load histograms make it possible to estimate
the structure reliability. The exact approach, the so-called level-3 reliability method (see,
for example, Thoft-Christensen and Murotsu 1986) is applied.

An alternative procedure for the reliability estimation is also proposed. Random
imperfections of the structure and the applied loads are simultaneously generated and an
appropriate loading multiplier responsible for the structure failure is calculated. A set of the
loading multipliers defines the histogram of the limit state of the structure. And on its basis
the multiplier describing the structures reliability is calculated. This approach in the
solutions of the non-liner problems seems to have evident advantages.

Special attention is paid to the discussion of the reduction methods of the initial sets of
data in the Monte Carlo approach, and to accuracy analysis of the output results. An
assessment of an interval of the structure reliability is also proposed.

Various civil engineering problems are presented and solved using the simulation-
based approach. A comprehensive analysis of simple models — rigid bars with inclined
springs — allow for an examination of various versions of the Monte Carlo method. But,
most of examples presented here concern shell structures. It is frequently stated that the
scatter buckling loads of shells can only be approximated through including randomness in
imperfect geometries, the effect of thickness variation, the modulus of elasticity and the
boundary condition (see Papadopoulos and Papadrakakis 2004). This can only be achieved
by stochastic analysis of structures in conjunction with the nonlinear analysis of shells.
Despite some achievements in accurate prediction of the load carrying capacity of an
imperfect shell, the problem is still an open question (Chryssanthopoulos and Poggi 1995,
Deml and Wunderlich 1997, Papadopoulos and Papadrakakis 2004).

At last, two examples of identifications and simulations of initial, measured geometric
discrepancies of real engineering structures are presented. The first case concerns the
numerical analysis of the measurement results obtained for a petrol tank of 5000 m’
capacity (Orlik 1976, and Wilde 1981) and the second deals with longitudinally stiffened
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ship hull panels (Kmiecik 1970). The examples illustrate the application of the simulation

method to specific engineering problems. The numerical analysis of the petrol tank

indicates that the initial geometric imperfections strongly influence the solution.

Using the simulation-based approach to solving the nonlinear problems of a structure

with geometric and material imperfections the following questions should be answered:

— What type of random field describing the initial geometrical imperfections should be
assumed?

— What estimators are necessary to describe the initial set of realizations; especially in a
two dimensional case?

— How many of these realizations should be taken into account in the calculation?

— Is it possible to reduce the initial set of realizations to a smaller one without diminishing
the accuracy of the solution?

— What type of the Monte Carlo method should be applied to the calculations?

— What estimators should be assumed to describe the probability distribution of the
outcomes?

— Is it possible to estimate the influence of the number of the realizations on the
probability distribution?

— What is the effect of the assumed types of random geometrical imperfections on the
structure response?

— In what way can the real, measured structure or material imperfections be identified?

The work is an attempt at answering at least some of these questions.

1.2. Scope of the work

The work is organized as follows.

Chapter 2 deals with the stochastic mechanics methods. The state of the knowledge to
analyse the effect of uncertainties in structural mechanics has been outlined. The following
topics are briefly discussed including random fields discretization methods, generation of
random variates, perturbation techniques, stochastic finite element methods, structural
reliability calculations, first and second order reliability methods, and response surface
techniques.

Special attention is given to various versions of the Monte Carlo method, i.e. direct,
stratified, importance and directional sampling. A short review of numerous papers makes
it possible to assert that most of them concern a numerically difficult problem of reliability
assessment, and few are devoted to the research of the stochastic spatial variability of the
structural parameters. The use of the methods has undoubtedly been affected by the rapid
development of the computational resources enabling to perform the Monte Carlo analyses
(see Melchers 1999, Hurtado et al. 1998).

Chapter 3 presents a modified generation method of two-dimensional, discretized
homogeneous and nonhomogeneous random fields proposed by Bielewicz et al. (1985a and
1994b) and Walukiewicz et al. (1997). The algorithm is based on an effective version of the
rejection method, and on conditional probability distribution formula. An important role in
the calculations is played by a propagation base scheme covering sequentially the field
points. In order to fulfil the geometric and boundary conditions of the structure model, the
realisations of random fields are bounded by appropriate envelopes. The use of these field
envelopes is an original feature of this method. Any irregularity of the meshes and any
shapes of the domains are allowed.
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The accuracy of the random field generations is analysed. The results of numerical
experiments for the two-dimensional homogeneous and non-homogeneous fields are
presented. The results have proved that the adopted algorithm is correct.

The generation method has already been successfully implemented not only in
structure analysis (see, for example, Bielewicz et al. 1994a) but also in an examination of
environmental pollutions (Jankowski and Walukiewicz 1997, Bielewicz et al. 1995a, and
Walukiewicz et al. 1998), and soil random problems (Przewtocki and Gorski 2001).

In Chapter 4 attention is focused on preliminary analysis of the limit states of spatial
nonlinear models of rigid bars supported by elastic and elastic-plastic springs with one and
two degrees of freedoms. The angles of the initial bar inclinations are described using
random variables. Simulation-based approach is implemented. Geometric and material
imperfections are taken into account in the form of random variables.

A transformation of random input data (imperfections) into random output results is
discussed. A statistical analysis of the output results leads to limit load or limit state
histograms. In the transformation procedure the nonlinear operator of the structure model
plays the most important role. The effects of stable and unstable operators are considered.

The output results allow for the assessment of the reliability of the structure models.
Two methods of the reliability calculations are presented.

The first method is a standard one. The final results of the proposed simulation-based
approach present the numerically obtained probability distribution of the critical load.
Assuming that the probability distribution of the applied load is known, an exact formula
for the reliability of the structure can be used (see, for example, Thoft-Christensen and
Baker 1982). The reliability theory based on the knowledge of the probability distributions
of all basic variables is called the level-3 method. The simulation-based approach makes it
possible to use the exact reliability calculation.

The second reliability calculation method is more general. The aim of this approach is
an adequate description of the behaviour of a random model of the structure under random
loading. The probability distribution of the applied loads is taken into account and the idea
of the probability distribution of the limit state of the structure is implemented. Random
imperfections of the structure and the applied loads are simultaneously generated at every
Monte Carlo step. Making imperfections constant at every step the loading multiplier
responsible for the structure failure is calculated. A set of the loading multipliers obtained
in this way defines the histogram of the limit state of the structure. The histogram has a
nondimensional form and is a numerical estimate of the probability distribution of the limit
state.

The direct Monte Carlo calculations are compared with various stratified sampling
methods. The influence of the chosen method on the structure reliability estimation is
analysed. Additionally a simple sensitivity analysis of random variables is given.

In Chapter 5 the simulation-based approach is applied to solving two-dimensional
nonlinear structural random problems. The main subject of this section is a description of
the reduction of a number of initial imperfection field sets and a convergence analysis of
the output results.

Applying the non-linear theory to two-dimensional models of structures the limit state
description can be obtained only by the numerical way. The proposed generation algorithm
together with the Monte Carlo method and the finite element procedures are applied. The
numerically obtained results of the proposed approach are in the form of the probability
distribution of the critical load. On the assumption that the probability distribution of the
applied load is known the reliability of the structure can be estimated. The simulation-based
approach allows using the level-3 exact reliability method.
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During the numerical calculation each realization is solved by a finite element
program and the incremental operations. These procedures, in the case of geometrically
and/or materially nonlinear problem, are time-consuming even for powerful computers. It is
obvious that the accuracy of calculations depends on the number of the realisations
considered. Therefore, it is important to know how many realizations ought to be simulated
in order to obtain satisfactory results. The accuracy of the simulation-based approach can
be analysed:

— at the input data level (a statistical description of the initial random structure
parameters),

— at the level of the output results (an analysis of the structure response obtained in
a numerical way).

The first method of the accuracy analysis is relatively easy. When the theoretical form
of the imperfection fields has been assumed, the simulation process is applied, and the
results can be compared with the theoretical fields. The well known statistical formulas are
the best and adequate for this comparison.

It should be pointed out that the applications of this methodology to the structure
random analysis have occurred to be difficult. Simulation and convergence analysis of two—
dimensional random fields shows that with respect to meshes of 100+ 200 points
a sufficient number of realizations must be at least of the order 1000 (Bieclewicz et al.
1994b). From the point of view of the efficiency of non-linear numerical calculations such
a numerous set of realizations is too big.

It is possible to reduce the number of the input realizations. The following two
methods of reducing the generated input realizations are applied to:

— anumber of representative realizations with prescribed probability,
— some specific input realizations, chosen from the generated set, which are supposed to
give an extreme mechanical answer of a structure model.

The above methods are employed in analysing the effect of the initial imperfections on
the response of non-linear model of shallow cylindrical shell.

The statistical analysis of the random output results differs significantly from the
analysis of the random input data. The analytical solutions of the discussed stochastical
non-linear problems are unknown. A comparative analysis of the output results obtained
from different numbers of realizations seems to be the best way to assess convergence. The
choice of the convergence description of the numerical results is crucial in the analysis.
When the fluctuation of the estimated values is meaningless one can assume that the
analysed set of sampling is sufficient. Thus, the maximal number of realizations depends on
the progress of the non-linear calculation of the structure under consideration. This form of
the assessment of the accuracy of sampling can also be verified by a comparison of the
limit load histograms for a chosen number of realizations. It seems rational to assume that
for engineering purposes the analysis can be limited only to the output results.

On the basis of the simulation-based approach an interval of the structure reliability
can be assessed. A concept of choosing a specific type of favourable and unfavourable
probability distributions of random variables defined for the same interval is proposed. The
structure imperfections are described as the minimum or the maximum values of a set of n
random variables. It is easy to apply the imperfection sets to the Monte Carlo analysis and
to calculate two histograms of the limit loads. Following this procedure an analysis based
on the level-3 method leads to the estimation of two reliability values of the structure.
These values assess the structure reliability interval.
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In Chapter 6 two examples of identifications and simulation of initial geometric
discrepancies of real engineering structures are provided.

The first case concerns the numerical analysis of the measurement results obtained for
a petrol tanks of 5000 + 50000 m® capacity (Orlik 1976, and Wilde 1981). The achieved
results, aided by the statistical analysis, have demonstrated the method’s capability of
simulating a large random nonhomogeneous field. An envelope of the tank extreme initial
imperfections is also proposed. The results of the nonlinear calculations indicate that the
tank initial discrepancies can cause significant variations in the stress fields in comparison
with the solution of an ideal surface.

The second example deals with longitudinally stiffened ship’s hull panels (Kmiecik
1970). The example presents the application of the simulation method adopted for specific
engineering problems. It is shown that the computer program makes it possible to generate
a unique random field of imperfections, bounded by an envelope which determines the
structure shape and the boundary conditions. The stiffened plate with ribs is an illustration
of the complicated boundary conditions.

In both cases the estimators of the obtained realizations of the geometric field
imperfections are compared with the test data.

In Chapter 7 some conclusions are formulated. It should be pointed out that the
application of the simulation-based approach can results in a reduction of the laborious and
expensive experiments. However, it should also be stressed that engineering knowledge and
experience play an essential role in the analysis.

The idea of this work and some of the presented results are based on analyses performed
mainly by prof. dr hab. E. Bielewicz, dr hab. H. Walukiewicz and the author of the work,
published in the form of projects (Central Research and Development Problems of Polish
Ministry of Science and Higher Education, Nonlinear problems in stochastic theory of shells
(Bielewicz et al. 1980, 1982 1984, 1985b, and 1988), and Polish State Committee for
Scientific Research Problem, Random fields and their applications in structural mechanics.
No. 304259101 (Bielewicz et al. 1993), and No. 3 P40405505 (Bielewicz et al. 1995c¢), and
papers (see References).

The original elements — the results of the author’s scientific research — which have not
been published in the joint papers and project reports are: the improvements of the
generation algorithm which allow for the generation of practically unlimited size fields
(Chapter 3), verification of the Monte Carlo method efficiency in solving stochastic nonlinear
problems (Chapter 4.1), and identification and generation of geometric imperfections on the
basis of measured discrepancies of vertical cylindrical tanks (Chapter 6.2). The new element
in comparison with the joint works is also the review of literature presented in Chapter 2.



Chapter 2

STOCHASTIC MECHANICS METHODS

The mathematical description of uncertainty is usually given within the framework of
probability theory, although this is not the only possible approach. The problem can be
solved using for example fuzzy sets (Zadeh 1983, De Lima and Ebecken 2000, Niczyj
2003), rough sets (Bargiela and Pedrycz 2001), convex model (Ben Haim 1995 and 1999,
and Elseifi et al. 1999) or interval arithmetic (Moore 1979). The purpose of this chapter is
to review the methods of calculations that require a knowledge of the probability
distribution of uncertain systems to uncertain inputs. The existing theories for stochastic
mechanics approaches can be classified with respect to the type of the obtained results (see,
for example, Surdet and Der Kiureghian 2000):

— Perturbation Method — calculating the first two statistic moments of the response
quantities, i.e. the mean, variance and correlation coefficient,

— Stochastic Finite Element Methods (SFEM) — evaluating the global response quantities
considered as random processes,

— Reliability Methods — estimating the probability of failure of the system.

To estimate the structure reliability the following dominant approaches have been

explored in the literature:

a) Monte Carlo methods,

b) First- and Second-order Reliability Methods (FORM and SORM methods),
¢) Response Surface method,

d) Neural-network based reliability.

In this chapter some of the above methods are briefly described. A special
consideration is given to the Monte Carlo techniques as this method is applied in the
present work. The following contributions, among other, are used as a basis for the
description: Melchers (1999), Hurtado et al. (1998), Surdet and Der Kiureghian (2000) and
(2002), Matthies et al. (1997), Schuéller (1997) and (2001), Liu (2001).

A common feature in most of the stochastic mechanics approaches is the need to
represent the spatial variability of the input parameters. Thus the methods of random fields
discretization (see Vanmarcke 1983, or Surdet and Der Kiureghian 2000) are dealt with first.

2.1. Random fields discretization methods

A real random variable X is a mapping X:(®, £, P)>R, where ® is sample space, F
denotes the collection of possible events having well-defined probabilities, and P is
probability measure (Surdet and Der Kiureghian 2000). In continuous random variables the
probability density function (PDF) and the cumulative distribution function (CDF) are
denoted by fy(x) and Fy (x), respectively. The random nature of X (dependence on the
outcomes &) may be described as X(6). Random vector y is a collection of random
variables.

The mathematical expectation will be denoted by E(-). The mean, the variance and
the n-th moment of variable X are:
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o0

,uEE(X)= Ifo(x)dx (2.1)
o’ = E[(X-u) |- ]O(x-ﬂ)z Sy (x)dx 2.2)
E[x"]= ]O X" fy (x)dx 2.3)

—00

The covariance of two random variables X and Y is

Cov[X,Y]=E[(X -y ) (Y -y )] (2.4)

Introducing the joint distribution fy y(x,y) of the variables Eq. (2.4) can be rewritten
as

Cov[X,Y] =j x=pix ) (v =ty ) Sy (x.3)dxdy (2.5)

8‘—:8

The vectorial space of the real random variables with finite second moment
(E[Xz] <) is denoted by £X(®, F, P). The space £X(®, F, P) is usually described as the
Hilbert space which has convenient properties to develop approximate solutions of
boundary value problems (Sobczyk 1991). Then, a random field H(x,6) can be defined as
acurve in £ 2(G), F, P), which is a collection of random variables indexed by a continuous
parameter x € Q, where Q is an open set of R? describing the system geometry. This
means that for a given x,, H(x,,0) is a random variable, and reversely, for a given
outcome 6,, H(x,6,) is a realization of the field.

A random field is called univariate or multivariate depending on whether the quantity
H (x) attached to point x is a random variable or a random vector.

The random field is Gaussian if any vector {H (x,),...H(X, )} is Gaussian. A Gaussian
field is completely defined by its mean u(x), variance o”(x) and autocorrelation
coefficient p(x,x’) functions. Moreover, it is homogeneous if the mean and the variance
are constant and p is a function of the difference x—x" only. .

A discretization procedure is approximation of a random field H(-) by H(-) defined
by means of a finite set of random variables {y,,i=1,...n} grouped in a random vector ¥,
(Surdet and Der Kiureghian 2000)

H (X) Discretization [:[(X) =F [X»X] (26)

The best approximation with respect to some error estimator is the one using the
minimum number of random variables. The discretization methods can be divided into the
following groups:

— point discretization methods,
— average discretization methods,
— series expansion methods.

The discretization methods will be described with special attention given to the Finite
Element Method application. The review work by Surdet and Der Kiureghian (2000) is
used as a basis for the description.
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Point discretization methods

The midpoint method (Der Kiureghian and Ke 1988) is founded on approximating the
random field in each element 2, by a single random variable defined as the value of the
field at the centre x, of this element

A

H(x)=H(x,), xeQ, (2.7

The approximated field H(-) is then entirely defined by the random vector
x={H (xl,),...H (xi,vf)} (N, stands for the number of elements in the mesh). It has been
shown (Der Kiureghian and Ke 1988) that the midpoint method tends to over-represent the
variability of the random field within each element. .

The shape function method (Liu et al. 1986) approximates H(-) in each element using
the nodal values x; and the shape function as follows

ﬁ(x):ZNi(x)H(xi), xeQ, (2.8)

where ¢ is the number of element nodes, x; the coordinates of the i-th node and N,
polynomial shape functions associated with the element. The approximated field H(-) is
obtained in this case from y = {H(x,),...H(xy)}, where {x;,i=1,..N} is the set of the
nodal coordinate of the mesh. Each realization of H (+) is a continuous function over Q,
which is an advantage over the midpoint method.

The integration point method (Brenner and Bucher 1995, and Matthies et al. 1997)
discretizes the random field by associating a single random variable with each of the Gauss
points. This gives accurate results for a short correlation length. However, the total number
of random variables involved increases enormously with the size of the problem.

_ The optimal linear estimation method (Li and Der Kiureghian 1993) defines the field
H(-) by a linear function of nodal values x = {H(x,),...H(x,)} in the follows way

H(x)=a(x)+b" (x)-x (2.9)

where ¢ is the number of nodal points involved in the approximation. The functions a(x)
and b(x) are determined by minimazing in each point x the variance of the error
Var{H(x)-H(x)}.

Average discretization methods

The spatial average method (Vanmarcke and Grigoriu 1983, Vanmarcke 1983, and
Knabe et al. 1998) approximates the field in each element €, by a constant computed as
the average of the original field over the element

ﬁ(x):LjH(x)dQe = A, (2.10)
[l g,

Vector y is then defined as the collection of these random variables
x! = {H,,e=1,..N,}. As indicated by Fig. 2.1, the randomness of the average process
f](x) will be less than that of H(x).

Vanmarcke (1983) and Knabe et al. (1998) give the results for homogeneous fields
and rectangular domains. It has been shown that the variance of the spatial average over an
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element, under-represents the local variance of H) 4
the random field (Der Kiureghian and Ke 1988).

The weighted integral method (Deodatis
1990 and 1991), Deodatis and Shinozuka 1991,
X

Takeda 1990a and 1990b) does not require any

discretization of the random field. In the case of A 4
linear elasticity, the element stiffness matrices
are considered as the basic random quantities \\//
ke = jBT~D-BdQe 2.11) >
X
Q

e

In Eq. (2.11) B denotes a matrix that relates Fig. 2.1. Local averages of random field

components of strains to the nodal displacements

and D is the elasticity matrix obtained as a product of a deterministic matrix by a univariate
field

D(x,0)=D,[1+H(x,0)] (2.12)

where D, is the mean value and H(x,#) is a zero mean process.
The weighted integral method is mesh-dependent (Matthies et al. 1997).

Series expansion methods

The Karhunen-Loeve expansion of a random field H(-) is based on the spectral
decomposition of its autocovariance function Cpy (x,X') = o(X)o(x")p(x,x’) . The set of
the deterministic functions over which any realization of the field H(x,68,) is expanded is
defined by the eigenvalue problem (Fredholm integral equation)

Vi=1,.. [ Comr (x.X) 9, (x')dQ = 2,05, (x) (2.13)
Q

The set of {¢;} forms a complete orthogonal basis of L7(Q). Any realization of H(-)
can be expanded over this basis as follows

1(%.0)=4(x)+ % ()0, () (2.14)

where {£;(0), i=1,...} denotes the coordinates of the realizations of the random field with
respect to the set of deterministic functions {g, } .

Taking into account all possible realizations of the field {£;,i=1,...} becomes a
numerable set of random variables. When no analytical solution of integral eigenvalue
problem (2.13) is available, the set of orthogonal functions {¢,, i=1,...} has to be
computed numerically.

The orthogonal series expansion method (Zhang and Ellingwood 1994) avoids solving
the eigenvalue problem (2.13) by selecting a complete set of orthogonal functions
{h;(x)}72,, forming an orthonormal basis of L Q)

[ (x)n; (x)dQ =3, (2.15)
Q

where &;; is Kronecker symbol.
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Any realization of the random field H(x,0) is a function of £*(€2), which can be
expanded by means of orthogonal function {#;(x)};,. Considering all possible outcomes of
the field, the following expansion holds

H(x,0)=pu(x)+ Y 7, (0)h (x) (2.16)
i=1
where n(x) is mean function, and y,(6) are zero-mean random variables.
It can be shown that:

2(6)= [[H(x.0)-u(x)]h (x)a2 @)

ELxe20]= [ | Com (3 (x) 1y (x') 2, d 2, (2.18)
QQ

where Cp, (x,X) is the autocovariance function of the random field H(x,0).

The expansion optimal linear estimation method (Li and Der Kiureghian 1993) is an
extension of the optimal linear estimation using a spectral representation of the random
nodal variables . Assuming that H(-) is Gaussian, the spectral decomposition of the
covariance matrix %, of g ={H(X,),...H(xy)} is

N
1(0)=n, + > J4E(0)d (2.19)
i=1

where {&,i=1,..N} are independent standard normal variables, and (4;, ¢,) are the
eigenvalues and eigenvectors of the covariance matrix %, fulfilling X ¢ =44¢;.
Substituting (2.19) to (2.9) and solving the optimal linear estimation problems yields

H(x,0)= NM ) 2.20
(X’) ﬂ(x)+z\/7¢1 H(x)y (2.20)
i=1 7

Selection of the random field mesh

It should be pointed out that the finite element mesh and the random field mesh have
to be designed on the basis of different criteria (see Der Kiureghian and Ke 1988, and
Mahadevan and Halder 1991):

— the design of the finite element mesh is governed by stress gradients of the response,
— the typical element size Ly, in random field mesh is related to the correlation length of
the autocorrelation function.

Depending on the discretization method different recommendations relating to the
element size and mesh construction can be found in the literature. For example:

— Der Kiureghian and Ke (1988), and Li and Der Kiureghian (1993) proposed the value

a a
Lpp~— to — 2.21
RF 2 (221
— Der Kiureghian and Ke (1988) and Mahadevan and Haldar (1991) reported numerical
difficulties when Lg, was too small. In this case the random variables appearing in the
discretization are highly correlated leading to numerical instabilities.
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— As the correlation length is usually constant over Q the associated mesh can be
constructed on a regular pattern.

— Some authors simply construct the random field mesh by grouping several elements of
the finite element mesh in a single one (Liu and Der Kiureghian 1991). This makes it
possible to reduce the size of the random vector .

— In the context of reliability analysis Liu and Liu (1993) showed that the refinement of
the random field mesh should be connected to the gradient of the limit state function.

2.2. Generation of random variates

Generation of random numbers is usually carried out with the help of computer
programs. Although the obtained in this way sequence of the “pseudo numbers” repeats
itself after a long cycle interval, for many practical purposes it is indistinguishable from a
population of strictly true random numbers. It should be mentioned that the reproducible
sequence has an advantage in some types of research work.

Basic variables are seldom uniformly distributed and only such set can be obtained by
the “pseudo-generators”. A sample value for a basic variable with a given nonuniform
distribution is called a “random variate”. There are two general techniques in generating
random variables: inversion and rejection method.

The inversion method starts with generation of uniformly distributed random numbers
r, (0<# <1) followed by the calculation of the corresponding variables by inversion of
the cumulative distribution function Fy (x;) (see Fig. 2.2)

Fy (x)=r, = X, =Fy'(r) (2.22)

This uniquely fixes the sample value x; =X; when an analytic expression for the
inverse F );1 (1) exists (for example, the normal, Weibull, exponential, Gumbell and other
distributions). The technique can also be applied to basic variables with cumulative
distribution function obtained from direct observation.

F(x)
1.0T ’

Uniformly
distributed
random
numbers

Cumulative distribution function
of random variable F(x)

Density function f{(x)

v

0 ) Realization of X
artificial sample

Fig. 2.2. Inversion method of generating random variates

The rejection method is based on the idea shown in Fig. 2.3 (Hurtado and Bardat 1998,
Brandt 1998). A random variable x; is generated using a fictitious probability density
f(x;) that envelopes the target one p(x;). The generated variable x; is accepted with
specified probability that depends on the ratio of the true and fictitious densities. The
theoretical basis of the rejection method is described in detail in Chapter 3.
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One of the most frequently applied technique to estimate the required joint density is
the Nataf’s method (see, for example, Rozmarynowski 1997) in which use is made of the
multidimensional Gaussian distributions with correlation coefficient modified according to
the nonlinear transformation linking the given marginal and Gaussian densities. The
corresponding samples of the correlated variables can then be generated by means of the
approximated distributions. It should be pointed out that in the stochastic analysis the joint
density function of all the random variables is usually ignored, and the problems are
commonly described solely by their marginal distribution and covariance functions
(Der Kiureghian and Liu 1986).

F(x)T

Cumulative distribution function

Uniforml
y of random variable F(x)

distributed
random
numbers

Rejected x
Density function f'(x)

Density function p(x)

Realization of
artificial sample

Fig. 2.3. Inversion and rejection methods of generating random variables

2.3. Stochastic finite element methods

The most common analytical method to assess statistical measures of responses to
uncertainties of structures and loads is the Perturbation Technique. This method uses the
Taylor expansion of the mathematical operator that relates the input and output variables
(Kleiber and Hien 1992, Augusti et al. 1984, Liu et al. 1986, Bielewicz et al. 1983). The
truncation of the series in the first two terms implies that the accuracy of the method is
limited to such cases in which the random input variables have very low coefficients of
variation of the order of 0.15 as a maximum (Hurtado and Barbat 1998). This condition is
more restrictive in the case of nonlinear systems.

Another well known technique is the Hierarchical Closure Approximation (Adomian
1983) in which higher order moments of the system and the output are expressed as
functions of lower order.

Various problems are solved by means of the Stochastic Finite Element modelling
SFEM (see Hurtado and Alvarez 1999, Shinozuka 1994, Cheng and Young 1993).
Papadrakakis and Papadopoulos (1996) and Papadopoulos and Papadrakakis (1998)
proposed using an effective version of SFEM for the analysis of space frames. Chakraborty
and Bhattacharyya (2002) generalized the local averaging 2D technique for 3D random fields.

In this group the most powerful analytical method developed in the last years seems to
be the Spectral Approach (Spanos and Mignolet, 1992, Spanos and Zeldin, 1996). This
technique consists of the following steps:

a) a description of the random field by truncated infinite series using the Karhunen-Loeve
decomposition,

b) projection of the decomposed random field of the solution on a class of polynomials on
nonlinear systems known as Homogeneous Chaos,
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c) solution of the resulting system of equations.

Shinozuka and his co-workers have made a valuable contribution to the development
of many techniques for analysing random fields (see, for example, Shinozuka 1987b,
Shinozuka and Deodatis 1996). According to the method, in the one-dimensional
application the spectral density function of a harmonic process can be presented as follows

N

x(s)= ZA,- (x;)cos(x;s+¢;) (2.23)

i=1

in which the ¢, are random phases.

The harmonic process is convergent to the Gaussian one with a single-sided spectral
density (i.e. defined only over positive wave number or frequencies) G(x)=2S(x). This
takes place if the amplitudes of the waves 4 (x;) are estimated as functions of the
discretized spectral density intervals of the length Ax

4 (k) =4/2G(x;) Ak (2.24)

due to the fact that the variance of the process is equal to the area under the curve of the
spectral density.

The extension of the formulation to the higher dimension processes has been done in
Shinozuka and Lenoe (1976), Vanmarcke et al. (1986), Shinozuka (1987b), Yamazaki and
Shinozuka (1988). In another version transformation of the above equations is used for
complex space. The Fast Fourier Transform (FFT) technique is applied (Shinozuka and
Lenoe 1976). The method is also extended to non-Gaussian fields (Yamazaki and
Shinozuka 1988). It has been proved that greater accuracy is obtained if the simulation is
accomplished by a statistical preconditioning (Yamazaki and Shinozuka 1990).
A comparison with spectral stochastic finite element method can be found in (Surdet and
Der Kiureghian 2002).

Fenton and Vanmarcke (1990) criticized the above FFT technique, and proposed a
sampling method of random fields known as Local Average Subdivision. The main
disadvantage of this method is that it is in itself a mesh generator of a specific nature
(rectangular elements of equal size) that puts it in conflict with the particular FE
discretization. Penmetsa and Grandhi (2003) suggested an efficiency solution of the
convolution integral using the FFT technique.

Other methods for simulating random fields are those proposed in (Mignolet and
Spanos 1992, Spanos and Mignolet 1992) in which use is made of the Auto Regressive
Moving Averages (ARMA) procedures commonly employed in the field of time series
analysis. Also the Turning Bands Method is applied. It generates two dimensional fields by
simulating diagonal processes on arbitrary lines contained in the plane. Some methods
devised in the earthquake engineering for simulating random fields upon the available
information of a realization obtained by instrumentation (Kamada and Morikawa 1994;
Lutes et al. 1996) can be useful in SFEM analysis. The application of the Krieging methods
that are common in Geostatistics has also been proposed (Hoshiya 1994). It must be noted
that measurement experience of random fields of material properties in structural
engineering is quite limited as compared with other areas of research (Vanmarcke 1994).

Puig et al. (2002) have proposed various algorithm allowing for simulations of general
non-Gaussian processes. The methods are based on the simulation of a Gaussian process,
which can be simulated using a spectral or some Markovian approach. The results can
estimate time- or space-dependent phenomena.



22 2. Stochastic mechanics methods

A classification approach for reliability analysis with SFEM modelling has been
proposed by Hurtado and Alvarez (1999). Other analytical approaches that deserve
consideration are those put forward by Li and Der Kiureghmiamm (1993) and Zhang and
Ellingwood (1994). Stefanou and Papadrakakis (2004) presented a stochastic triangular
shell element for the case of combined uncertain material and geometric properties.
Stochastic element-free Galerkin method was also developed (Rahman and Rao 2001).

Stochastic Boundary Element Metchods (SBEM) are formulated (see, for example,
Burczynski 1995, and Burczynski and Skrzypczyk 1999). In Burczynski (1995) application
of SBEM to static and dynamic with random boundary conditions, stochastic media,
stochastic sensitivity analysis and internal defects are presented.

2.4. Structural reliability

In general, reliability can be defined as the ability of a structure to fulfil its functions
during an established time of service (see for example Melchers 1999, or Raizer 2004).
Reliability analysis can also be understood as the calculation of the probability of failure of
a random system subjected to random conditions (Hurtado and Barbat 1998). It should be
pointed out that the “system failure” can be defined differentially in each case. For
example, the failure of a structure usually means that its deformations or stresses are higher
than the given critical values. Reliability is described in terms of probability measure,
taking into consideration the fact that all strength, geometry, and deformation
characteristics of a structure and all loads are random variables or random process.

In a basic structural reliability problem account is only taken of one effect S and one
resistance R, usually described by known probability density functions fg(s) and f,(7)
respectively. The probability of failure p, can be defined as follows (Melchers 1999):

b, :p(Rss):p(R_sso):p(ggj:p(mze_msso) (2.25)

or in a general form
p;=P[G(R.5)<0] (2.26)

where G(R,S) is termed the “limit state function”.
If the joint density function fpe(7,s) of R and S are known the failure probability
becomes (see Fig. 2.4)

Py =P(R=8<0)= [[ fus (r.s)drds 2.27)
D

where D is the failure domain.
When R and S are independent, the failure probability is expressed by so-called
convolution integral

0 §>r

py=P(R-5<0)= jij 5)drds (2.28)

—0 —0
or taking into account the cumulative distribution function F,(x) = P(X <x) by

o0

pr=P(R-S<0)= [ Fp(x)fs(x)d j[l Fy (x)] fx (x)dx (2.29)

—00 0
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A fRs(’ﬁs)

G>0

Failure domain D

Fig. 2.4. Two random variable joint functions fz(7,s),
marginal density function f(») and fs(s) and failure domain D

A graphical interpretation of the Eqgs. (2.29) AR (), f(x)
is presented in Fig. 2.5. fems F(x)
If both distributions of R and S are normal 10
variables defined by means u, and u¢ and

variances 0'123 and 0§ respectively, then the £
failure probability becomes S P(R < x)
X
(g — p5) 0 — >
pf:P(R—SSO)ZCD[— - (-p) R=x
: (0'32*4'0'123)1/2 S
(2.30)

where @(-) is the standard normal distribution function and g =, /o, is defined as
“safety index” (see Fig.2.6). A review of the safety index methods can be found, for
example, in Putresza and Jendo (1995).

In many problems it may not be possible to A
reduce the structural reliability to a simple R versus AT _Poy
S formulation. In general, R is a function of material Failure |Safety
properties and element or structure dimensions, -1

while S is a function of the applied loads, the 07|02
material densities and the dimensions of the P -
structure, each of which may be a random variable. ;/ 7
The fundamental variables which define and >

. X 0 u
characterize the behaviour of a structure are referred ‘

to as the “basic” variables. The description of these ~ Fig. 2.6. Distribution of the safety
variables depends on the knowledge that is margin Z=R - §
available. Observations and experience gained in the
past with respect to similar structures can be used. Sometimes physical reasoning may
suggest an appropriate probability distribution. It is very convenient to choose the basic
variables so that they are independent but this cannot always be possible.

The simple form of the limit state function (2.27) can be replaced with a generalized
version expressed directly in terms of basic variables and their probability distributions
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pr=P[G(X)<0]=[.. [ fx(x)ax (2.31)

G(X)<0

where G(X) describes the limit state function, fx(x) is the joint probability density
function for the n-dimensional vector X of basic variables. If the basic variables are
independent, the formulation (2.31) can be simplified

fx(x)= lilfxi (%)= fx, (01) S, (22) S, (33) (2.32)

where fy (x;) is the marginal probability density function of the basic variable X; .

Usually, the integration of (2.31) cannot be performed analytically. However, it can be
solved using simplified formulas or numerical methods. The following dominant
approaches have been explored (see for example Melchers, 1999) by:

a) numerical approximation such as simulation to perform the multidimensional
integration required in (2.31) — the Monte Carlo methods.

b) transforming fx(x) in (2.31) to a multi-normal probability density function and the use
of some properties — the so called First- and Second-order Reliability Methods (FORM
and SORM methods).

c) carefully planned numerical experiments to obtain a description of the influence of each
variable and their possible combinations on the response of the system — the so called
Response Surface methods.

The above techniques are described in the next sections. It should be pointed out that
other reliability methods, not discussed here, are being developed. For example, Ben-Haim
in (1996) summarizes a convex-set-model of uncertainty in a range of technological
applications. Progress of the so-called Robust Reliability can be followed in the literature of
the past few decades. Recently, the artificial neural networks have also been applied to
evaluate the structural reliability (see Hurtado and Alvarez, 2001, Gomes and Awruch,
2004, Hurtado 2002, Papadrakakis et al. 1996, Papadrakakis and Lagaros 2002).

2.5. Monte Carlo methods

The Monte Carlo method has for long been recognized as the most exact method for
all the calculations that require the knowledge of the probability distribution of response of
uncertain systems to uncertain inputs. Applications of the Monte Carlo technique to a large
variety of problems have been described (see, for example, Rubinstein 1981). Some typical
early structural engineering applications have been proposed by Moses and Kinser (1967).
Warner and Kabaila (1968) reported on various ways of applying the Monte Carlo
technique to an idealized reinforced concrete member.

It should be pointed out that the Monte Carlo methods can successfully be used not
merely to solve the reliability problems. For example, Wang (1999) generated random
aggregate structure in which the shape, size and the distribution of the aggregate particles
resemble real concrete in the statistical sense. Graham et al. (2003) created a series of local
stress fields associated with the random material sample under uniaxial tension. Similar
solution in ceramics is also available (Niezgoda 2001). Hou et al. (2004) used the Monte
Carlo method to generate large-sized samples that have similar characteristics in time and
frequency for structural dynamics applications. This method can also be of use in solving
integral equations (Brandt 1998). Shia and Hui (2000) introduced a method called walk on
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the boundary (WBM) to solve linear elasticity problems. The WBM method does not
require any kind of meshing.

Theoretical basis and advance engineering application of the Monte Carlo method can
be found for example in Hammersley and Handscomb (1964), Rubinstein (1981), Liu
(2001), or Winkler (1995), and such areas as financial sector and statistical quality control
are investigated in Fu and Hu (1997).

A general idea of the Monte Carlo method can be summarized as follows. Suppose
that the following integral, the generalized form of (2.31), is evaluated (Liu 2001)

I= Ig(x)dx (2.33)
D

where D is a region in high-dimensional space and g(x) is the target function of interest. If
independent and identically distributed random samples X,...,X,,, uniformly simulated
from D, an approximation of / can be obtained as

1, :%[g(xl){..—i-g(xm)] (2.34)

According to the law of large numbers the average of many independent random
variables with common mean and finite variances tends to stabilize at their common mean

lim /,, =1, withprobability 1 (2.35)

m—»o0

Its convergence rate can be assessed by the central limit theorem
\/%(im —1) —>N(0, 02) (2.36)

where o = var| g2(x)]. Hence, the error term of the Monte Carlo approximation is
O(m_” %), regardless of the dimensionality of x. This basic setting underlines the potential
role of the Monte Carlo methodology in science and statistics.

In the case of structural reliability analysis, this means, that each random variable
vector x; is randomly generated to obtain sample value X;, and then the limit state function
G(x;) =0 is checked. If the limit state is violated, i.e. G(X;) <0, the structure or structural
element has “failed” (Melchers, 1999). The experiment is repeated many times. If NV trials
are conducted, the probability of failure is given approximately by

n (G(fii) < 0)
S N
where n(G(X;) <0) denotes the number of trials n for which G(X;) <0. The number N of
trials is related to the accuracy for p, estimation.
To apply the Monte Carlo techniques to structural reliability it is necessary (Melchers
1999):
1) to develop simulation technique for numerical sampling of the basic variables X;,
2) to consider the effect of the complexity of calculating the limit state function G(X;) and
the number of basic variables on the simulation techniques used,
3) to determine the amount of sampling required to obtain a reasonable estimate of the
structure probability of failure p .

In the next sections various Monte Carlo techniques for reliability estimation are
outlined.

(2.37)
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2.5.1. Direct Monte Carlo method

The direct sampling or Simple Random Sampling (Hurtado and Barbat 1998) is the
simplest Monte Carlo approach in solving reliability problems. It can be graphically
presented as so-called ant-hill (see Fig 2.7). It does not apply any reduction method to the
generated set of variates, which allows for the statistical description of the structural
behaviour without scarifying the description quality. Thus, this method can be fast enough
for the reliability analysis of structures with a reduced number of degree of freedom (Marek
et al. 1996) but it is too costly for any large structure analysis.

A In this case the probability of structure failure

7 . (2.31) may be expressed as (Melchers 1999)

pr=J=[.JI[G(X)<0]fx(x)ax  (238)

where I[-] is an indicator function which equals 1 if
, [-] is “true” and O if [-] is “false”. Thus, the indicator
40 . . function identifies the integration domain. The unbiased
estimator of the expected value J and the estimator of

x standard deviation can be calculated as follows:
g o
Fig. 2.7. Simple random sampling Pr= Jy = NZI[G(ﬁi) < 0] (2.39)
i=1
) w1 o 12(G<0)
o] = Zvvar[l(G <0)]= — (2.40)

i=l1

where X, represents the i-th vector of random observations from fy(-). The standard
deviation of J; and hence of the Monte Carlo estimate p, (2.39) varies inversely with
N2 (see also Eq. (2.36)) These observations are important in determining the number of
simulations required for a particular level of confidence.

On the basis of the central limit theorem, the following confidence statement can be
made concerning the number of J| trails in which failure are possible (see Melchers 1999)

P(~ko <J,—u<+ko)=C (2.41)

where 4 is the expected value of J; given by Eq. (2.39) and o is standard deviation
expressed by (2.40).

For confidence interval C =95%, according to standard normal tables &k equals
k =1.95. Shooman (1968) recommended that for N = 100000 samples and p, expected
py= 107 the error would be less than 20%. In general it can be assumed that, if p, is the
expected probability, then 100/ p, samples need to be generated. Hence, if p, is of the
order of 107+ 107 as may be typical, 10°+ 10’ sample points should be taken into
calculations. Mann et al. (1974) have suggested that the number of simulations may need to
be of the order of 10000 + 20000 for approximately 95% confidence limit.

The number N of simulations for a given confidence level C in the failure probability
Py can also be obtained from (see Melchers 1999)

—ln(l—C)
Py

> (2.42)
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Using Eq. (2.42) for a 95% confidence level and p, = 107 the required number of
simulations is more than 3000.

It is not convenient to apply the above theoretical rules to the accuracy analysis in any
particular Monte Carlo calculations. According to Melchers (1999) a useful tool for this
purpose is to plot progressive results of the estimate of p, and variance o-fl (Egs. (2.39)
and (2.40) respectively). Such plots (see Fig.2.8) will show that these measures decline
when the number of samples rises and that a degree of stability is reached at a sufficiently
high number of samples. This concept has been
used, for example, by Aratjo (2001). A

The results may also be represented as a Estimated failure probability
cumulative distribution function Fj;(g) (see
Fig 2.9). The estimate of p, in Eq. (2.39) may be
improved by fitting an appropriate distribution
function through the points for which G(-)<0, Estimated standard deviation
i.e. the left-hand tail in Fig. 2.9 (Melchers, 1999).
However, the choice of an appropriate
distribution function may not stabilize until N is
quite large (Moses and Kinser 1967). Grigoriu
(1983) proposed fitting not a single distribution to
the sample points but a sequence of distributions. Fig. 2.8. Convergence of probability
The probability distributions function of a random estimate with increasing sample size
variable Z=R-S (see Fig2.6) can also be
approximated with polynomial functions (Er 1998). Li and Li (2002) combine the Monte
Carlo simulation with approximation of the probability distribution functions, too.

The Stratified Sampling and Latin Hypercube Sampling techniques have been
proposed to reduce the Monte Carlo calculation (Hurtado and Barbat 1998). They are
briefly described in the next sections. A different reduction method can be found for
example in Soh et al. (2004) where the integration of piecewise approach and the cell
technique are applied. In Koutsourelakis et al. (2002) advantage is taken of lines instead of
points to obtain greater accuracy using fewer samples.

An evident reduction of the samples

P,

»
»

Numbers of samples N

can be achieved by using additional Fg(g)A

information about the problem to be : ¢
solved, which creates the basis for 7

importance  sampling and  similar Faﬂﬁiffy .

techniques. For example, from see Fig 2.5 Y Fitted cumulative

it is evident that only sampling in the P s/ _distribution function
region of overlap between f(-) and ’ " G
fs(+) 1is important. An survey of the 0.0l >
various strategies for sampling reduction 0

called Variance Reduction Techniques is Fig. 2.9. Use of fitted cumulative distribution
given by Rubinstein (1981) and by function to estimate p,

Warner and Kabaila (1968).

Nevertheless the direct Monte Carlo method is still attractive. For example Schenk and
Schuéller (2003) presented a complex analysis of the buckling of cylindrical shells with
random geometric imperfections using this method. Reinforced concrete columns have
been analysed (Araujo 2001, Frangopol et al. 1996) and prestressed, geometrical and
material nonlinear structures by Biondini et al. (2004).
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2.5.2. Stratified sampling

In the case of the Stratified Sampling method (Rubinstain 1981) the whole space of the
variable is divided into subsets of equal probability. The acquired data are generated from
each subset and an analysis is performed with corresponding sets of points (Fig. 2.10).
A sample from inside the subset is taken either from the middle or randomly. In the case of
reliability assessment the conventional strategy should be modified to increase its efficiency.
For example, a careful selection of the number of samples from each subset must be made —
those contributing to the reliability calculation should be sampled more intensively.

The failure probability is calculated in the
following way (Hurtado and Bardat 1998)

A
y
. 1 n;
/ . . by =YY I(G(%,)<0) (2.43)
/1. * it =1 j=1
< . e - where n; is the number of samples of each of the /
subregions into which the entire hypervolume has

f\(B\ : been divided, and P, is the probability mass of each
Y

. . subregion.
It should be stressed that the Direct Monte
N\ Ve Carlo and the Stratified Sampling Method can also
L h) be applied to those cases in which the limit state
Fig. 2.10. Stratified Sampling function G(X) is not known. The efficiency of the
methods to be dealt with in the next sections, e.g.
Important Sampling or Directional Sampling
depends greatly on establishing the state function.

=V

— —

2.5.3. Latin Hypercube Sampling

The Latin Hypercube Sampling method (Bazant and Liu 1985, Helton and Davis 2003)
combines at random each subset number from each random variable with other subset
numbers of the remaining variables only once (see Fig. 2.11). There are many variants of

the method (see Florian 1992, Ziha 1995).

A Huntington and Lyrintzis (1998) used section-mean

Y / . sampling to obtain a better accuracy in the
simulated means and variance for each variable.

/ d Hora and Helton (2003) used a test for the presence
4 : of a monotonous relationship between the input and

output variables to improve the standard Latin
Hypercube Sampling. According to Olsson et al.
(2003) the method is only slightly more efficient
than the Direct Sampling for estimating small
\ % probabilities, and proposed a bridge between Latin
) and Importance Sampling. The so-called descriptive
sampling which is based on values given for
random variables can be related to the Latin
hypercube sampling (see for example Ziha 1995).

\
N\
fy(y)\ ’

Fig. 2.11. Latin Hypercube Sampling
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2.5.4. Importance sampling and search techniques

The integral (2.31) can be written using the indicator function I[-] as (see Melchers
1990, or Melchers 1999)

J=j...j1[G(x)30]2;x—8hv (x)dx (2.44)

where 7y (X) is termed the “importance-sampling” probability density function.
An unbiased estimate of J is given by (cf. (2.39))

pr=J, =i§{I[G(0i)£0]M} (2.45)

N hy (3;)

where V, is a vector of sample values taken from the importance sampling function
hy (V).

For a given level of confidence, far fewer sample points of Ay (v) are required than in
the direct Monte Carlo method with fyx(x) as sampling distribution. The derivation of
optimal /4y (v) functions is difficult and they are often selected on a priori grounds.
Sometimes it is possible to estimate the
point x*, known as the point of X, A e
“maximum likelihood” or the “design - —
point”, with fx(x) having the largest g
influence on the limit state function (see
Fig. 2.12). The point x* may be found
by a direct application of the numerical
maximization techniques or the search 0
algorithms. Once x* is identified, the S ()
most common approach of choosing
hy(v) is to use the distribution fy(X)
shifted so that its mean is at x*.
Function Ay (v) suggested by Engelund
and Rackwitz (1993) has proved to be
very effective for a range of possible
shapes of the limit state function.

Adaptive sampling techniques apply modification of hy(v), depending on the
information being obtained from the search process (see Melchers 1999). First the initial
location of Ay (v), described by a mean vector and a covariance matrix is assumed. A
limited amount of sampling is then carried out. The samples which fall into the failure
domain are used to relocate and change the form of /Ay (v) (Bucher 1988). The
convergence of this approach can be guaranteed to some extent (see Der Kiureghian and
Dakessian 1998). In general, it requires good physical understanding of the problem being
solved. The adaptive sampling technique has been used by Kleiber et al. (2002) to estimate
reliability estimation of sheet metal forming operations, and by Mahadevan and
Raghothamachar (2000) to large structures, frames and trusses.

In Ang et al. (1991), and Wang and Ang (1994) a method using the information of a
previous simple random sampling is also proposed. The optimal importance sampling
density is built up by averaging windowed kernel densities whose parameters are obtained
from the previous analyses.

Failure

Safe ™,
5 region

region

Fig. 2.12. Importance sampling function /[ ]
in x space.
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Ambartzumian et al. (1998) proposed an efficient sequential conditional importance
sampling (SCIS) algorithm to compute the multinormal probability of rectangular domains
by simulations. Royset and Polak (2004) used importance sampling to solve reliability-
based optimal design problem. This technique can also be implemented to reliability
estimation of dynamical systems (Au and Beck 2001, Bayer and Bucher 1999).

The importance sampling method makes allowance for the estimation of the sensitivity
of failure probability to changes in random variables (Melchers 1999, Ambartzumian et al.
1998, Melchers and Ahammed 2004). Generally, if the effect of changing one or more
variables on the failure probability is required to be evaluated, two Monte Carlo
calculations, with or without a change should be performed. Such an analysis is unlikely to
be very helpful. If the limit state function is analytical, then the differentials 0G/0X; will
give the sensitivity of G(X) to a change in X .

In the case of the importance sampling the probability estimate for the modified
problem with a changed random variable x; is given by (Melchers, 1999)

fX+AX, (ﬁl)

(2.46)
(%)

13 .,
py+Ap; = J‘fXJrAXi (x)dx zFZI[xj]
D J=1
and the sensitivity can be estimated as follows

S; :[(Pf +Api)_pi:|/Axi (2.47)

Bhattacharyya and Chakraborty (2002) have employed the Neumann expansion, the
Monte Carlo simulation and the finite element method in computing the response
sensitivity taking account of uncertainties in structural parameters.

2.5.5. Directional simulation and conditional expectation

In the directional simulation method use is made of a polar coordinate system
(Ditlevsen etal. 1987). The n-dimensional Gaussian vector Y = RA represents the
directions in the standard normal space y. The random vector A represents the direction
cosines. The radial distance R (R>0) is such that R* is ;(,f -square distributed with n
degrees of freedom. If R is independent of A, then, by conditioning on A =a (see
Fig. 2.13) the probability integral (2.31) can be written as (Bjerager 1988)

Py =jp[g(RA)so|A:a]-fA(a)da (2.48)
a
Y24 . where f, (a) is the constant density of A on the
=~ " Failure unit sphere and g(RA)=0 is the limit state
AS function in y-space.
The reliability can be estimated by generating
randomly a standard normal unit vector a, and
a Realization of moving along the outward direction of this vector
s the limit state until the limit state function g(ra.)=0 is reached
afety . SRS .
P at R=r. From this expression it is possible to
0 e determine 7. Trial and error calculations are usually
Fig. 2.13. A radial sample in direction implemented. The estimate of the failure probability

A=a is given by (Melchers 1999)
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pfzp[g(rﬁj)so}l—;(,f(r) (2.49)

The main advantage of the directional simulation method is that ;(,f (r) can be
evaluated analytically, effectively reducing the order of integration by one dimension. This
approach is particularly useful for limit state surfaces which are nearly spherical in standard
normal space y. Directional method has been used by Nie and Ellingwood (2000) and polar
coordinates by Yonezawa and Okuda (1994).

In a situation where at least one of the random variables in (2.31) is an independent
random variable, the Monte Carlo process can become more efficient by reducing the order
of integration. This technique is known as conditional expectation (see Melchers 1999). For
example, selecting one independent random variable X; with the largest uncertainty
(variance), expression (2.31) can be rewritten as:

pr= [ A= [ ] B () f(u)d (2.50)

G(X)<0 n G(X<0 n-1

where X' represents the reduced vector of random variables.

The conditional expectation method gives better estimation than the equivalent direct
formulation (Ayyab and Haldar 1984). Some additional variance reduction may be
achieved through ‘anti-thetic’ variates in which the variates in sample sequences are given
negative correlation (Rubinstein 1981).

Similar techniques are also developed, for example the Axis-Orthogonal Simulation
(Fujita and Rackwitz 1987) and the Generalized Conditional Expectation (Ayyab and
Haldar 1984) in which the simulation is governed by a subset of the random variables
having low dispersion. An approach by Shao and Murotsu (1994) combines the traditional
directional and adaptive importance sampling technique. Several new approaches for
identifying directions towards evaluating the probability integral (Spherical #-design, Spiral
Point, and Fekete Points) have been introduced by Nie and Ellingwood (2000 and 2004a).
The same authors applied the neural methods in a directional reliability method (Nie and
Ellingwood 2004b).

It should be mentioned that the described methods require a transformation of all
random variables to the standard normal space. This can be very laborious in the case of a
large number n of random variables. Moreover, there are in general n! ways to perform the
transformation so that in principle all of them are assumed to detect the critical one
(Dolinski 1983). This objective makes these methods useful only for improving the results
calculated by analytical methods rather than for general analysis linked to an FE code.

2.5.6. Series and parallel systems

Many structural systems may be idealized into two simple categories: series and
parallel. Combinations of these classes are also possible.

In a series system a failure of any element constitutes a failure of the structure. Thus,
the failure probability in a structure composed of m members is (Freudenthal 1961,
Freudenthal et al. 1966):

py=P(RUFUF,U..UF,) (2.51)

where each failure mode F; (i =1,...m) is represented by a limit state equation G(X) =0
in a basic variable space.
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And so, the failure probability can be written as (Melchers 1999)

Py =I...J.I{QGi(x)£0}jx(x)dx (2.52)

where the indicator function [[-] for a series system is generalized to

1 if I[~]is true

ILL_JI Gi(x)< O} B {O it  I[-]is false 2:53)

and G;(x) =0 represents the ith known limit state function, i =1, ... , m.
In a two-dimensional space, I[-]
X, A D, . G(x)=0 represents 'the integratign domain D (aqd
D)) of Fig.2.14. This formulation is

D, applicable if the' direct or importance
G0 =0 sampling Monte Carlo approach is used.
H(x) =
In a parallel system to reach the
limit state in one or more elements does

P not necessarily mean a failure of the
G.(x) = whole system. The failure probability of
1(x) =0 . :
P an m-component parallel system is given
0 m g by (Melchers 1999)
x1 1

Fig. 2.14. Basic structural system reliability Py = P(Fl NENEB NN Fm) (2.54)

problem in two dimensions showing failure . . )
domain D (and D) where F; is the event failure of the ith

component.
In parallel systems the failure probability associated with the intersection of & limit
states is given by (2.52) and /[ -] is defined as

I{ﬁc;,. (x)< o} (2.55)

The most interesting regions are those which are bounded by appropriate limit state
functions and are near their intersection (domains D, in Fig. 2.14).

The series and parallel system definition allow for a description of the bounds of
failure probability when the failures are somewhere between completely independent and
fully dependent modes (Cornell 1967)

H}EXI:P(E)] < P(F)51—ﬁ[1—P(E)] (2.56)

where P(F') denotes the probability of failure, which can be expressed as P(F)=1-P(S),
and P(S) is the probability of survival.

Unfortunately, in many practical structural systems the series bounds (2.56) are too
wide to be meaningful (Grimmelt and Schuéller 1982, Ditlevsen 1979).

Second-order lower and upper bounds are determined by Ditlevsen (1979), and
Vanmarcke (1973). The bounds obtained for a series of rigid-plastic frames were close to
the direct Monte Carlo simulation results (Grimmelt and Schuéller 1982). Estimations of
failure probabilities for intersections of non-linear states are given by Melchers and
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Ahammed (2001). The concept of bounds has also been successfully applied to estimate
seismic reliability of monumental buildings (Augusti et al. 2002).

It should be pointed out that a classification of the system as one with series, parallel
or more complex subsystems is useful for other methods, particularly in conjunction with
the FORM/SORM techiques.

2.5.7. Methods not dependent on limit function

Modern statistical theories based on expansion of the empirical density function of the
response are mentioned by Hurtado and Barbat (1998) referring to: Cornish-Fisher
expansion (Johnson et al. 1994), Saddlepoint expansion (Kolassa 1997), Edgeworth
expansion (Hall 1992), and Normal expansion (Hong and Lind 1996). The probability of
a response can be estimated on the basis of its own samples. Generally speaking, it can be
asserted that there is little experience in the use of these methods in structural analysis.
Some methods devised for sampling in very low probability regions of dynamic systems
using the white noise processes must be mentioned (Pradlwarter et al. 1994). In a
contribution by Pradlwarter and Schuéller (1997) the accuracy of the method is compared
with that obtained with the less involved techniques known as Russian Roulette and
Splitting (see for example Melnik-Melnikov and Dekhtyaruk 2000).

2.6. First- and Second-order Reliability Methods

The most important analytical tools for reliability calculation of failure probability are
known as First- and Second-order Reliability Methods (FORM and SORM methods). Both
of them require to take the following steps (Hurtado et al. 1998):

a) First the basic variables X are transformed into a set of standard normal variables U.
The Rosenblatt transformation is usually used. The transformation is performed by the
following algorithm:

A
— ! SORM '
Uy=® F(x) ﬁ: Gu)=0
U, = CD_IF(x2|x1) )57 FORM ‘i/
257) \:, Safety
. \
U, =®"'F(x,]|x, x,....%,) Failure
b) In the second step the failure surface G(-) in u*=Bo. - VG(u*)
the u-space in the neighbourhood of the most ZJu \VG(u*)\
likely failure point is approximated. In the P =u >
FORM method the approximation is performed {‘\
by a tangent hyperplane using a first order \\\
Taylor expansion. In the SORM method a N
curved surface is obtained using the second Fig. 2.15. FORM/SORM methods

order terms of the Taylor expansion or
parabolas that make the multi-dimensional
integration easy (Breitung 1984) (see Fig. 2.15).
c) The third step is to calculate the failure probability. In the FORM case it is
approximated by
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py=0(-p) (2.58)

where [ is the distance from the origin to the approximating hypersurface in the
U-space. It is called the first order reliability index, since it measures how far the most
critical point is located from the mean value of the random variables, as can be seen in
the figure.

Enormous problems are solved using the FORM and SORM techniques. For example,
in (Gomes and Awruch, 2002) the FORM methods are employed to the reliability
calculation of reinforced concrete structures. A multidimensional non-Gaussian stochastic
field generation model is developed and used. Brzakata and Puta (1996) propose to
implement the finite element method (FERM) based on FORM and SORM analysis to
establish the reliability index £ for a random layered subsoil. Lin (2000) compared the
reliability of composite plates estimated by the use of three different methods: Monte Carlo,
£ method, and first order second moment method. All of them could produce reasonably
good results. Val et al. (1997) combined FORM and a nonlinear finite element structural
model to calculate the reliability of reinforced frames. Second-order third-moment
reliability methods have also been proposed (Zhao et al. 2002).

2.7. Response surfaces

Response Surface Method is applied in a general field of experimental design, e.g.
structural optimization, statistical description, etc. The main difference in the method
compared with the Monte Carlo technique is that the experiments are not random but rather
carefully planned (Hurtado and Barbat 1998). The objective is to obtain a description of the
influence of all design variables and their possible combinations on the response of the
system. Different strategies are developed. The most general technique is the Factor Design
in which all the variables are combined with each other. Since the effect of some of them
can be indistinguishable from other ones, the number of analyses can be reduced by
applying a Fractional Factorial Design. A final step in the analysis is the calculation of
a first or second order regression of the response variables with respect to the input ones.
Usually conventional least square method is applied. It is also important to calculate error and
variance statistics which can improve the experimental design and make it possible to take
a decision about the system under analysis.

The method has been applied to reliability analysis in conditions where the limit state
function G(X) may not be known explicitly or is difficult to calculate (Melchers 1999,
Faravelli 1989, Enevoldsen et al. 1994, Kim and Na 1997). For example, this might occur
by the use of the finite element analysis, particularly when making iterative calculation of
non-linear material or structural behaviour. The safe domain can be defined only through
point-by-point finding for example by a repeated numerical analysis with different input
values. If the values are specifically ordered the Response Surface method is implemented.
An ordinary approach is to let G(X) be a second order polynomial whose coefficients are
determined so as to minimize the error of approximation (Faravelli 1989, Bucher and
Bourgund 1990, Rajashekhar and Ellingwood 1993, Maymon 1993):

G(X)=4+X'B+X'CX (2.59)

where the regression coefficients are defined by 4, B’ =[B,,B,,...B,] and C is nxn
symmetric matrix (Melchers 1999).
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The coefficients may be obtained by conducting a series of structural analyses with
input variables selected according to some “experimental design” (Melchers 1999). When
the region of the failure domain or the design point is initially not known, the choice of the
input variables may be difficult. A simple approach is to select the input variables as the
mean value of the variables. An important step to be taken is to try to select the regression
coefficients A, B, C so that the total error is minimized.

Several methods of reducing the number of random variables involved have been
proposed. One of them is simple replacement of random variables of low uncertainty with
deterministic equivalents (Melchers 1999). Another approach is to reduce the set of random
variables X to a smaller set describing their spatial averages, rather than allowing for their
variation from point to point or from finite element to finite element.

Bucher and Bourgund (1990) suggested that the evaluation points might be chosen at a
mean point x,, and at points given by x; = x,,; * h,0; where #; is an arbitrary factor and
o;, 1s the standard deviation of X;. Using these points, the approximating surface G(X)
can be determined. If x,, is not the design point, some other point x;, can be found on the
surface G(X) . Then, a new mean point x; can be obtained by linear interpolation between
x,, and xj, . The speed with which this technique approaches a sufficiently accurate fit
depends on the selection of /; (Rajashekhar and Ellingwood 1993). It is possible to modify
the search algorithms to direct the search away from the design points already obtained
(Der Kiureghian and Dakessian 1998).

A number of example applications of response surfaces have been given in the
literature (Bucher and Bourgund 1990, Wu et al. 1990, Schuéller et al. 1991, Rajashekhar
and Ellingwood 1993) and the software has been developed (Schuéller and Bucher 1991).
These developments suggest that the concept of a response surface works well provided the
point of maximum likelihood can be identified and that reasonable decisions can be made
about the points to be used for fitting the response surface. Various suggestions relevant to
this have been made (Kim and Na 1997). They include the use of iterative methods (Liu
and Moses 1994), but it is difficult, particularly in large systems, because such points
cannot always be identified without subjective interference. Falsone and Impollonia (2004)
have presented a response surface method being insensitive to sampling point positions.

The Response Surface method has been applied to medieval tower reliability
calculation by Griannini et al. (1996). Kmiecik and Soares (2002) applied this technique to
determine the cumulative probability function of compressed plates strength. A comparison
of the solution obtained with the help of neural network and the response surface method
has been performed (Gomes and Awruch, 2004). Rajashekhar and Ellingwood (1995)
applied the response surface method to the estimation of the reliability of reinforced-
concrete cylindrical shells — a nuclear containment. Axisymmetric nonlinear finite-element
analyses were performed to define the limit surface, and importance sampling was used for
the calculation of limit state probability. Das and Zheng (2000) proposed a method for the
cumulative formulation of the surface. In searching and improving process, a parameter 4°,
which determines the distance from the central point to a sampling point, is reduced by
iterations. They suggested that in case the SORM fails, the Monte Carlo simulation with
variance reduction should be used. Melchers and Ahammed (2002 and 2004) have
proposed estimation of gradients using a simplified (linear) response surface, i.e. the
sensitivity of the outcomes to input information is estimated. Response surface method is
also applied in dynamics analysis (Bucher and Brenner 1992).
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SIMULATION OF DISCRETE RANDOM FIELDS

Simulation of random fields plays an essential role in the solution of stochastic problems
with the help of finite element methods. After theoretical foundations set out by Adler (1981)
and Matheron (1975), and the pioneering works of Shinozuka and his co-workers (Shinozuka
1987a, Yamazaki and Shinozukal990), several teams develop various methods of digital
simulation of random fields defined on meshes (Grigoriu and Balopoulou 1993, Mignolet and
Spanos 1992). These methods concern mainly the homogeneous fields encountered in the
modelling of such phenomena as acoustics, turbulence, ocean engineering, tribology, earth
sciences and others. Strategies for the simulation of nonhomogeneous fields are also proposed
(Popescu et al. 1998). The conditional estimation is used by Nordgren and Conte (1999). The
non-Gaussian field computation is presented by Gomes and Awruch (2002), who compared
three methods, i.e. sub-domain decomposition, Cholesky or modal decomposition of the
covariance matrix and spectral representation using cosine series, and who pointed out the last
one as the most efficient one.

The presented here method is motivated by modelling the boundary value problems in
civil engineering. In this domain the nonhomogeneous fields are typical. In the works by
Bielewicz et al. (1985a, 1987, and 1994b), and Walukiewicz et al. (1995 and 1997) (see
also Bielewicz et al. 1991, 1995b, and 1994a, and Gorski and Walukiewicz 2000), a new
approach to the simulation of such fields based on an effective version of the rejection
theorem (Devroye 1986) and the conditional probability distribution formula has been
developed. An important role in the calculations is played by the propagation base scheme
covering sequentially the field points. In order to fulfil the geometric and the boundary
conditions of the structure model, the realisations of random fields have to be bounded by
an envelope. The use of the envelope is an original feature of this method.

The main goal of the simulation method is the generation of a set of field realizations
in such a way that following the averaging procedure the prescribed mean value vector and
the covariance matrix are reproduced accurately, in the statistical sense (Walukiewicz et al.
1995). The simulation results obtained for various second-order fields have proved that the
adopted algorithm is correct (Walukiewicz et al. 1997).

The method has been successfully implemented in shell structure analyses (Bielewicz
et al. 1994b), and in the examination of environmental (Jankowski and Walukiewicz 1997)
and soil random problems (Przewtocki and Gorski 2001).

The theoretical background is presented in section 3.1. The method is described in
section 3.2. In section 3.3 the statistical experiments for the determination of the variance
and the covariance estimators, as well as the estimators of the determinants of the
covariance matrices are described.

3.1. Theoretical background

A continuous, second-order, real-valued, vector random field X(r,®) is specified by
the expected (mean) value function
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X(r)=E(X(r,0)) 3.1)

and the correlation tensor function

K, (r.1) = E((X(r,0)-X(1))®(X(r,,0) - X(r,))) (3.2)

where E(-) is the expectation operator, @ € Q denotes an elementary event, the sign ®
denotes the tensor product, and r,r;,r, € R*. If X(r) = const and

K, (r.r)=K,(r-r,) (3.3)

then the field is called homogeneous, i.e. stationary in space (Adler 1981).

Using discrete methods of simulation and analysis, it is necessary to consider the
random fields in the form of multidimensional random variables X defined on regular or
irregular meshes. Thus, the role of covariance function K (r;,r,) takes on the covariance
matrix K, always symmetric and positively definite:

K:E((X(w)—)_()(x(a))—)_()T) (3.4)

where X(w) describes the discrete, second-order, real-valued random field and X stands
for the expected value vector

X =E(X(o)) (3.5)

It is also useful to define the degenerated field by the condition for the global
covariance matrix K:

detK =0 (3.6)

The probabilistic foundation for the generation of arbitrary vector random variables
has been formulated in the rejection theorem by Devroye (1986) and von Neumann (see
Brandt 1998). The main theoretical assumption of the simulation method is that the
probability density function f of an m-dimensional random vector X is defined on a
compact domain in R™ and obeys the condition f(X) < +o0. This assumption makes sense
in structural mechanics. A random point IT uniformly distributed in R™*' can be
generated in the following way:

(o) =(x, u)={xt = e+ (@)(b-a) 3.7

u = ui+l (a))cfmax

where (a;, b)), i=1,2,..,m are the given intervals of the reals and
u;(w), u,,,(w) < U[0,1] are the values of independent, uniform random variables. If I € 4
(i.e. IT is not rejected), where A4={(x,u) :xeR", 0<u<cf(X)}and c>0, then the
generated random variable X, (i =1,2,...,m) is

X, =a;+u (bi—ai) (3.9)

The direct rejection method to generate vectors X introduces a new dimension:
a uniform, independent random variable. In this extended ™! space, the joint probability
density defined on a suitable set, is uniform (Devroye 1986). Fig.3.1 presents an
interpretation of the proof in the case of m = 1.
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Fig. 3.1. An interpretation of Devroye theorem for m = 1

The random point IT is not rejected if it falls below the curve c¢f(x) (Fig. 3.1). The
probability of this event for the random variable uniformly distributed in the rectangle

Cf1ax (b—a) becomes:

I:cf(x)dx 1
P ) o -a)

On the other hand, the probability for the point IT to fall below the curve cf(x) (Fig. 3.1)
in the interval (e, ) is equal

(3.9)

[7 e
S (3.10)
fmax(b_a)
It follows that the ratio
I:f(x)dx
P(MeD) f.. (b-a) s
P((HEA;:():J.a S (x)dx=P(xe(a, p)) (3.11)
fmax b_a)

gives the required result.

However, the method is not effective (time inefficiency) for large values of m. For that
reason a method of a sequential type, by applying a propagation scheme and conditional
probability distributions has been proposed (Biclewicz etal. 1985a and 1994b, and
Walukiewicz et al. 1997).

3.2. Simulation algorithm

As the proposed algorithm concerns discretized random problems, the random fields
are described by the multidimensional random variables defined at the mesh nodes. The
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covariance function is represented by the symmetric and positively defined covariance
matrix K(mxm). The random variable vector X(mx1) is divided into two blocks
consisting of the unknown X, (nx1) and the known X, (px1) elements (n+ p =m)

X = {X“ } " (3.12)
Xi)p '
described by a joint normal probability density f(X)
1 m _ _
f(X)=(detK) 2 (27) 2 exp(—%(X—X)T K™ (X—X)j : (3.13)
where the covariance matrix K(mxm) and the expected values vector X(mx1) are also
appropriately divided:
K:{K“ Klz}"’ X = ):(u n
K, Ky |p X, p (3.14)
nop
The unknown vector X,, can be estimated from the following conditional distribution
/(X)
(X, /%)= (3.15)
f(X)

where f(X,) isanormal probability density function of the known variables X,
1 _p 1 SN S
f(X;)=(detK,,) 2 (27) 2 eXp(—E(Xk -X, ) Ky (X, -X, )] (3.16)

Substituting (3.13) and (3.16) into formula (3.15) yields

f<xu/xk>=[ detK j_;(zfr)?

detK,,

-exp| —— —<_ - —<_
2 (X Xy K, Ky 0 K, X Xy
where 0 is a null matrix.

After simplification (see Jankowski and Walukiewicz 1997) formula (3.17) can be
rewritten in the following way

(3.17)

f(X,/X,) = (detKC)_% (2;:)*% x exp( ! (X, -X. )T K.'(X,-X, )j (3.18)

2
where K, and X,, described as conditional covariance matrix and conditional expected
value vector, can be calculated as follows:

K. =K, _K12K521K21 (3.19)
X, =X, +K, K5 (X, -X;) (3.20)
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In the case of engineering applications the random variables are usually bounded by their
upper and lower limits. For example, Young’s modulus £ can be estimated only by
nonnegative values ( £ > 0), and no geometric discrepancies of any structures should cross a
threshold set by relevant engineering codes. To fulfil this requirement a formula describing
the Gaussian truncated distribution is introduced (Jankowski and Walukiewicz 1997)

/(%)

ft(x):T (3.21)

where f(x) is a Gaussian density function of one-dimensional random variable X, with
standard deviation o and mean value x

f(x)= 1 eXp[—@j (3.22)
Gm 202

and P is the area of the Gaussian density function described by the truncation parameter s

P= ! X_J‘mexp _(x—f) dx (3.23)
o2z . 20°

Putting z =(x—X)/o into formula (3.23) it is easy to obtain

P =2erf(s), (3.24)
where erf(s) is the error function

s 2
erf (s) = i]exp(—%} dx, $s>0 (3.25)
0

A variance of the random variable X of the Gaussian truncated distribution represents
the following formula

0',2: I (x—)_c)zft(x)dx (3.20)

X—so

Substituting relations (3.21) and (3.24), and performing the required integration yields
(see Jankowski and Walukiewicz 1997)

ol =o*(1-1) (3.27)
where
. s-exp(—sz/2)

Dor or ) (3.28)

It is easy to notice that the assumption of the truncation parameter s =35, usually used in
the engineering applications, determines that 1 = 0.

Making use of the above formulas the truncated joint normal conditional distribution
can be derived (Jankowski and Walukiewicz 1997)

m

X0 =(1-1)  (detk,) (20) 2 p[

Z(II—t) (X“ - )_(C )T K;l (Xu - )_(c )j (329)
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The numerical analysis of the simulation method based on the conditional distributions
(see, for example, Bielewicz et al. 1994b) has proved that the algorithm is efficient for
meshes consisting of as many as 500 random values. To improve the numerical capability
of the simulation algorithm some modifications are proposed. The changes make it possible
to generate a field with a much larger number of random points.

To generate a discrete scalar random field use is made of a base scheme with random
values. The scheme is placed at the nodal points of a mesh in such a way that it covers all
the nodes i, 1<i<MN, MN =M x N (Fig. 3.2).

N
@ simulated value | | ' ' ' !
| x unknown values simulated | O known values
d in one base scheme step
3 4
[
a)il1 |2
c M
T T T T T 1 I T T T T T
0O known values not included in the next step of the base
— the base scheme calculations scheme shifting B
| | | | ] | ] |
c) d)

Fig. 3.2. Coverage of the field points with moving propagation scheme

The simulation process is divided into three stages. First, the four-corner random
values are generated (see Fig. 3.2a). Next, a propagation scheme with a growing number of
points covers a defined base scheme of the field mesh. In the example shown in Fig. 3.2b
the dimension of the base scheme equals ¢ xd =5x5 =20 random values (mesh points). In
the third stage the base scheme is appropriately shifted, and the next group of unknown
random values is simulated (see Fig. 3.2c and d). The base scheme is translated so as to
cover all the field nodes.

Values of the random variables at the first four points of the mesh (i=1,...,4) are
generated using the direct rejection method (see Eq. (3.7)). Substituting p =0, and
m =n=4 into Egs. (3.12) and (3.14), the following random vector of unknown variables,
its expected values, and the appropriate covariance matrix are obtained:

X=X,, X=X, K=K (3.30)

The truncated density function of X is used in the generation

(x-X) K'(x- )‘()J (3.31)

£ (X)=(1 —t)72 (detK)% (27;)72 exp(— 20-1)
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where ¢ is the assumed truncated parameter whose value is assumed according to the
generated field properties.

The generation process consists of the following steps (Biclewicz etal. 1987 and
1994b):
1. Generation of random vector X, (4x1) with the components:

Xi=a,+(b—a;)u;, i=1,..,4, (3.32)

where u; are the random variables uniformly distributed in the interval [0,1], and
(a;, b)), i=1,2,...,m are intervals of the reals.
2. Generation of random variable u from the interval [0,1] and definition of the value

Fon =u®, ®=(1-1) 7 (detk) " (27’

(3.33)
where K(4x4) is the local covariance matrix and @ bounds the conditional density
function.

3. Calculation of the density function f(X,,)

f(Xu)ZCDexp(—ﬁJ(XM )] (3.34)
where
J(X,)=(X,-X,) K'(X,-X,) (3.35)
4. Checking the condition
Soax S F(X,) (3.36)

If this condition holds, vector X, (4x1) is accepted and if not, the calculations are
repeated.

For any point of the base mesh “/”, 5<i<(cxd), where (cxd) denotes the
dimension of the base scheme (see Fig.3.2a) the only unknown random value is X,
whereas other random variables X, +X;_; are known.

In the calculations it is necessary to make the following substitutions in formulas
(3.12) and (3.14): m =i,n =1, p =i — 1. It is easy to notice that the problem is reduced to
one-dimensional (K, =K_, X, =X_). It makes the generation easier and relatively fast.
The calculations include the following operations:

1. Determination of the local covariance matrix K(ix7), and determination of the known
part of the random vector X, ((i—1)x1), as well as the expected values vector X(ix1),
according to formulas (3.12) and (3.14), respectively.

2. Calculation of the conditional variance K, and the mean X, on the basis of equations
(3.19) and (3.20):

K. =Ky _K]2K2K2] (3.37)
X, =X, +K Ky (X, -X,) (3.38)
3. Generation of random variable X :

X, =q +(bi _ai)”'

1

(3.39)

4. Generation of the independent random variable u from interval [0,1] and definition of
the value
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ya—3 ®=(1-1) (22, )" (3.40)
5. Calculation of the density function f(.X;)
1
X, )=0 -——-J(X; 341
) =ven| -5 (x) Ban
where
=2
J(X;)= M (3.42)
i)= K. .
6. Checking the condition
fmax < f(Xz) (343)

If this condition holds, the random value X, is accepted and if not, the calculation returns
to point three.

Intervals (aq;,b;) are fixed for every node. The assumed standard deviation o; at the
node i is connected with the interval by equation

12

(be(xi—)?i)z f(xl.)dxi) —o, (3.44)

The proposed method of covering the random field with the defined base schemes
makes it possible to analyse the meshes with a large number of points. The maximum
dimension of the covariance matrix K is defined by the base scheme size. The numerical
analysis leads to the conclusion that 400 mesh points are an optimal base dimension. The
symmetry of the matrix K (see Eq. (3.14)) significantly reduces the calculations.

It should be pointed out that according to the proposed algorithm the single random
value is calculated on the assumption that the random values only in the close
neighbourhood (the base mesh) are known. The specific way of covering the random field
has a significant effect on the accuracy of the calculations. In strongly correlated fields the
convergence of the simulation process can lead to considerable discrepancies.

This procedure can be used for simulation of arbitrary planes or three-dimensional
random fields. The meshes can also be irregular. The implementation of the method is
restricted only to the Gaussian fields.

3.3. Accuracy analysis of simulated random fields

Using the proposed generation procedure, various homogeneous and non-homogeneous
Gaussian random fields can be simulated. To examine the correctness of the proposed
method the following scalar, zero-mean value correlation functions have been considered in
numerical examples:

— White noise field N(r,®)

Ky(r,n)=05(r-r,) (3.45)
— the Wiener field (non-homogeneous) W (r,w)

Ky (r,1,) = o min (1,55, ) min(rly,rzy)xmin(rlz,rh) (3.46)
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— the Brown field (locally non-deterministic)
Ky (51) =05 (J [+ eI ) 6.4

— Homogeneous (Shinozuka) field S(r,®») (Shinozuka 1987a).
2 2 2
KS (1'1,1'2):053 exp(_a{l2 (rlx_r2x) _(2’22 <r1y_r2y) —(132 (rlz_rZz) ) (348)

where r e E)ﬁ is the position vector (Fig. 3.2a) and «, 8, o, o, @,, a5, p are arbitrary
positive constants, || . || denotes the standard Euclidean norm (distance) and 6 stands for
the Dirac delta.

All presented functions are spatial but the calculations have been performed only for
two-dimension cases. It should be mentioned that the developed computer program can be
applied to generate any plane or spatial fields.

Statistical formulas give the estimators of the mean value W and the global
covariance matrix K of the generated set of realizations:

1":1 ' (3.49)
DW= W)(w, - W)

i=1

T NR-1

where w; is the random vector and NR is the number of realizations in the set.
The following definition of the global error G,, allows to compare the estimator of the
covariance matrix K with the theoretical one K:

(1l [<])

G, :—("K”) x100% (3.50)
where K| =+/#r(K?) is the Euclidean norm.
The error of variances V,, and the local error L,. of a single element of covariance
matrix can also be used:

A

(kﬁ —k max(kij -k

(b )

V= x100%, L, = x100% (3.51)
i=1 kii ki,'k Ji

where k; and l%-j denote the element of the theoretical covariance matrix and its estimator

respectively.

The mesh dimensions of the simulated fields described by Equations (3.45) + (3.48) are
the same as the size of the engineering examples calculated in the next sections. In this way
the correctness analysis is strictly related to the problems which are solved in the present
work. Two different meshes for the generation of the random fields have been selected.

First, a plane square 11x11 mesh (121 nodes) is chosen. In all cases
re,r, €<1.0,11.0> (Fig. 3.2). The values of the positive constant (see formula
(3.45) + (3.48)) are assumed to be: o =1.0 (the Wiener field), f=1.0 (the Brown ficld),
a; =10, ay=a,=0.25 (homogeneous field), and the parameter s (see the formula
(3.28)) equals s = 5. For these 11 x 11 meshes the generation processes can be performed
using a single base scheme (see Fig. 3.2 a and b).
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To check if the errors of the fields generations decrease with the number of calculated
realizations the following tests are performed. For each field (3.45) + (3.48) one hundred
independent trials (N7 = 100) are carried out. Ten thousand realizations (VR = 10000) are
generated in a single trial. The expected value of global errors of covariance matrix E(G,, )
(Eq. (3.50)), error of variances E(V,.), and single element error E(L,.) (Eqs(3.51)) are
calculated every 100th realizations using the following formulas:

(6.)--L5(6,)
E Ger = Geri
NT &
() =-23(7.)
E Ver = Ver[
NT

NT

E(Ler )= #Z:(Ler )i

i=1

Also the variances of these errors are introduced:

D*(G, )= NTI—I ]-VZ_TI:((GW )i ~E(Cer ))2
D*(V,,)= ﬁ N_T] ((Ver ) _E(V@"))z
1 NT

D* (Ler): NT -1 Z((Ler )i _E(L@r ))2

i=l1

(3.52)

(3.53)

The results are presented in Fig. 3.3 + Fig. 3.6. The plotted functions of the calculated
mean errors and the standard deviations are different in each case of the random fields. The
same characteristic features are common, for example:
— all the calculated error functions are visibly decreasing, in the most cases very fast,

— the maximal errors of a single element computation scatter much more in comparison

with other estimators,

— the errors of the variance calculation are always smaller than other estimators.

ﬁg White noise field (size 11 ><.1 1) errors:.
100 ——e———— Covariance matrix - expected values
904} ------ ®-----. Covariance matrix - standard deviations
80 ———— Maximal single element - expected val.
g\o, 70 ====-- S=====- Maximal single element - standard dev.
g 60 —— Variances - expected values
thJ 28 ------ G- Variances - standard deviations
30
20
10

0 T II 1T TTT I II I II f
| I | I I
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Number of realizations

Fig. 3.3. Error analysis of white noise field generations (size 11 x 11)
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Errors (%)

Errors (%)

Errors (%)

70 3 Wiener field (size 11 x 11) errors:
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Fig. 3.4. Error analysis of the Wiener field generations (size 11 x 11)
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Fig. 3.5. Error analysis of the Braun field generations (size 11 x 11)

70 Homogeneous (Shinozuka) field (size 11 x 11) errors:
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Fig. 3.6. Error analysis of homogeneous field generations (size 11 x 11)
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In general it can be asserted that most crucial global errors of the covariance matrix
E(G,,) start to be less than 10% from approximately 2000 + 3000 realizations (the white
field is an exception). Also, from this number of realizations the errors stabilization is
noticeable. For this reason it should be assumed that at least 2000 realizations is needed in
order to reproduce the prescribed correlation functions properly. The exact number of
simulation should be checked in each case individually.

Additionally, graphical comparisons between the theoretical covariance matrices K
and the estimators K (Eq. (3.49)) for the four random fields (3.45) + (3.48) are created,
and the results are presented in Fig. 3.7. In each case the lower triangle represents the
generated field while the upper triangle the theoretical one. The figures allow for a visual
check of the correctness of the simulated fields. Moreover, one can note that the selected
correlation functions (3.45) + (3.48) are very different, and because of that the verifying
analysis has a comprehensive meaning.

Fig. 3.7. Comparison of the target covariance matrices (upper triangles) with the simulated matrices
(lower triangles): a) White noise field, b) the Wiener field,
¢) the Brown field, d) homogeneous field

Comparing the graphical presentations of the simulated fields (Fig.3.7) and their
errors function (Fig. 3.3 + Fig.3.6) an additional conclusion can be formulated. For
example, the global covariance matrix errors is greater in the case of the white noise field
(Fig. 3.3) and the homogeneous field (Fig. 3.6). Analysing the fields graphical presentation
in Fig. 3.7a and d, it can be stated that a great part of the theoretical covariance matrix
values equal zero. As the matrix element estimators have non-zero values (see Fig. 3.7) the
calculated errors are remarkably high.

Some examples of the simulated single realizations are presented in Fig. 3.8. Also the
graphical presentation of these realizations allows for specifying the type of the random
field analysed. For example, observing the results presented in Fig. 3.7 and Fig. 3.8 one can
find out if the field is a correlated one.

Next, a much bigger mesh is analysed. A plane discrete field, 16 x 308 = 4928 nodes
has been chosen. The same dimension field (but described by different correlation function)
is used in Chapter 7 to analyse a petrol tank with initial geometric imperfection. Only one
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homogeneous (Shinozuka) correlation function (3.48) has been used in the generation
process. This field seems to be an appropriate description of many two- and three-
dimensional engineering problems, illustrating geometric imperfections of steel plates and
shells or spatial variability of material parameters of soil, for example. The same values of
the positive constant are assumed (of =1.0, @ =@, =0.25) as in the previous
calculation. The size of the field determines the use of the shifted scheme method of
generation (see Fig. 3.2). 16 x 16 points scheme has been chosen. It is easy to note that to
cover all the random field points the scheme must be shifted 308 — 16 =292 times. Only
one series of calculations has been performed and the results are presented in Fig. 3.9.

a) ’ziii'
(IEGHILT
(RN
ZERIL I
YAV Virg

Fig. 3.8. Examples of realizations of the simulated fields: a) White noise, b) the Wiener field,
¢) the Brown field, d) homogeneous field
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Fig. 3.9. Error analysis of Shinozuka (homogeneous) field generations (size 16 x 308)

Compared to the previous convergence analysis a standard mean error of covariance
matrix and variances has also been calculated (see Fig. 3.9). The obtained global covariance
error is bigger in comparison with the 11 x 11 field generation (Fig. 3.6). Nevertheless, the
results proved that the generation of real engineering fields is possible and accurate.

To prove the correctness of the proposed generation method an additional test for the
Brown and Wiener fields proposed by Walukiewicz has been performed (see Walukiewicz
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et al. 1995). As in the first step of the analysis one hundred independent trials for 11 x 11
fields have been carried out. From the estimation theory (Krishnaiah, 1994) it is known that
theoretical distributions of estimators for some characteristics of the multidimensional
normal random variables can be derived on the basis of the Wishart (gamma) distribution.
In the following the theoretical distributions of variances and covariances (local
characteristic), as well as the distributions of the determinants of the covariance matrices
(global characteristic) are calculated. i

To start with, the probability distribution for the estimator of the covariance matrix K
was derived. Since K is a symmetric matrix of d1mens1on (m x m), the following joint
probability distribution is defined in space g +1)/2 (Walukiewicz et al. 1995)

NR—-m—1

f(K(NR),K)zC(NR,m)(KY?(IA() 2 xexp(—%tr(K‘lk)j (3.54)

where the constant C (NR, m) is calculated from the normalization condition:

_NRxm  NRxm m NR+1— i -
C(NR,m)=| NR 2 2 2 ﬁ"’(’”‘l)Hr(Tfﬂ (3.55)
j=1

The condition NR >m—1 must be fulfilled for positively defined K (almost surely).
Function I' is defined for positive real arguments or for some natural arguments as:

r(y)=] « e dr (3.56)

or
['(NR)=(NR-1)! (3.57)

If matrix K is not positively defined then the probability distribution vanishes.
From formula (3.54) one obtains the probability distribution for a single variance
estimator 6% (m =1):
_NR AR NR-2

2) 2 2 (52) 2
o NR o R &2
f(a”z (NR,az)) :( ) #°) xexp| ~ 2R T (3.58)
( NR) 2 o
2 Pl
2
where o is the theoretical variance of the simulated field at a point.
The histograms of the variances of the Wiener and the Brown fields are presented in
Fig. 3.10 and Fig. 3.11. These results show a very good agreement with the theoretical
(Wishart) distribution.

Next, the first two moments of the estimated covariance matrix determinant (K) are
calculated (Walukiewicz et al. 1995).

E((K))= ﬁ[(NR ~1)(NR-2)..(NR-m)] (K)

E( (f()z):(ﬁ(n i j(“ivzﬁj (K

=1

(3.59)
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For the Wiener field and the Braun fields the sampled (100 samples) and the
theoretical moments (formulas (3.59)) are calculated, as the functions of the number of
realizations. These moments are presented in Fig. 3.12. One can observe a striking
agreement of the estimated (generated) moments with the theoretical predictions.
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Fig. 3.10. Distribution of the Brown field sampled variances versus the Wishart distribution

Further investigation based on Shannon’s measure of information (see, for example,
Acz¢él and Daréczy 1975, Sobczyk 1973, or Sobczyk and Spencer 1996) has been
performed by Walukiewicz (1997a and 1997b).

A statistical analysis of the simulated various homogeneous and nonhomogeneous,
second-order random fields proved a high accuracy and some universality of the proposed
method of simulation. The method will be especially useful in the simulation-based
approach.
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Fig. 3.11. Distribution of the Wiener field sampled variances versus the Wishart distribution
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Chapter 4

SIMPLE RANDOM NONLINEAR MODELS

This Chapter considers the limit states of spatial nonlinear models with one and two
degrees of freedom. The geometric and material imperfections of these models are taken in
the form of random variables. The simulation of these random variables (the input data) and
various versions of the Monte Carlo method are employed. The output results lead to the
assessment of the reliability of the nonlinear models. Some of the results have been
presented in Bielewicz and Goérski (2002a).

Attention is concentrated on the following problems which are studied using these
simple models:

— The direct Monte Carlo calculations are compared with stratified sampling methods.
The influence of these calculation procedures on the structure reliability estimations is
analysed. Additionally, a sensitivity analysis of the random variables is given.

Two approaches for the reliability assessment of the structure models are tested.

— The first is a standard one. Simulation of random imperfections and the Monte Carlo
operation yield a histogram of the limit loads S. Assuming that the probability
distribution of the applied load P is known, the structural reliability can be obtained
according to the exact formula

0

R=Pr(S>P)= [ Fp(s) fs(5)ds (4.1)

—00

where Fp(s) is the cumulative distribution function of load P, and f(s) stands for the
probability density function of S.

— The second approach is more general. Its aim is a more precise description of the
behaviour of a structure random model under random loading. The probability
distribution of the limit state of the structure is introduced. Random imperfections of the
structure and the applied loads are simultaneously generated at every Monte Carlo step.
By making the imperfections constant it is possible to calculate the loading multiplier
responsible for the structure failure. The set of all loading multipliers obtained in this
way is used to define the histogram of the limit state of the structure. The histogram has
a nondimensional form and is a numerical estimation of the probability distribution of
the limit state. The area in the histogram above 1.0 determines the reliability, while the
area below 1.0 determines the probability of failure. It should be pointed out that this
approach can also be implemented also to problems for which the load distribution is
not known and the samples are given as a set of values, for example, obtained from
experiment.

— The calculation of the limit state of an imperfect nonlinear model of structures is, from
the mathematical point of view, a transformation of random input data (imperfections)
into random output results (load capacities). A statistical analysis of the output results
leads to limit load or limit state histograms. In the transformation procedure the
nonlinear operator of the model under consideration plays the most important role. The
effects of stable and unstable operators are discussed.
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The section is an introduction to a more complicated analysis of two-dimensional
random problems.

4.1. Models with one degree of freedom

A model in the form of a rigid bar of length / is examined. The bar is hinged at the
bottom and supported at the top by a linear, inclined spring of stiffness £ [kN/m] (Fig. 4.1).
This model is discussed in the monograph by Thompson and Hunt (1973) as an illustration
of the asymmetric bifurcation point. The bar is loaded with a vertical eccentric (el)
conservative force P. The angle of initial inclination (¢,) of the vertical axis is also
assumed as the input data. The position of the bar is defined by the angle of rotation ¢ .

Fig. 4.1. Model of a rigid bar supported by a spring

The model allows for compression of the spring, and because of that it cannot be
considered as an engineering example but only as an illustrative one. It should be
mentioned that the results — probability distributions of the bar load capacity — are bi-modal
functions. Therefore, they are close to the solution of the compressed shallow cylindrical
shell (see Section 5). For example Naprstek (1999) tested simple Mises frames modelling
strongly nonlinear behaviour of shallow shells with geometrical uncertainties.
Consequently, the analysis of this simple model, even if it is only preliminary, enables to
understand the stochastic mechanical response of much more complicated structures, for
example, two-dimensional ones.

The elongation of the spring As (Fig. 4.1) equals

As:l{\/l+a2+2asin¢—\/l+a2+2asin¢0} (4.2)
The following equilibrium equation
ZMA =Pl(sinp+ecosp)—k-As-r=0 4.3)
gives the load-angle relationship
1+a’* +2asi
P(¢)= ka— cos @ - +a2+ asing, 4.4)
sin@+ecos@ l+a” +2asing

where a=a/l.
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Now, the energy of the model can be calculated
Vzék(As)2 — Pl(cos ¢, —cos ¢ +esin ) 4.5)

which allows for the definition of a curve s(¢) separating the stable and unstable regions
(the second variation is positively definite)

J1+a? +2asin
0 - s(@)z# a’cos’ @ P,
cosp=esing| " (e r2asmg)
¢ (4.6)
J1+a? +2asing,
«ll+a2+2asin¢)

Assuming that o =1 and e =0, the admissible range of the force P value, versus the
angle ¢, and the sign of the initial inclination ¢, are presented in Fig. 4.2. Analysis of stable
and unstable points of bifurcations can be find for example in (Ikeda and Murota 1991).
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Fig. 4.2. The admissible range of the force P value versus the angle ¢ and the initial inclination ¢,

Next, the random inelastic model can be defined. It is assumed that the initial
inclination ¢, is a random variable and the spring is ideal elastic-plastic. The second
assumption means that

—kAsy, < kAs < kAs,, (4.7)

ext

where As is the elongation of the spring, and As,,, denotes the extreme elongation.
In this case the equilibrium paths show a sharp declining at the limit points (Fig. 4.2)
as the result of the following equilibrium equation for ¢ > ¢,

JJ1—sin@

sin @

P(p)= kl[\/1+sin ¢, —[I+sin ¢O] (4.8)

where ¢, is the angle corresponding to Asy; .
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The spring elongation related to the plastic limit can be calculated from the following
formula As,, =Iv2¢,, where the yielding strain ¢, is an additional random normal
variable (Brinkmann et al. 1990).

It is important to notice (see Fig. 4.2) that the variability of the imperfection parameter
@, generates three different types of the limit state of the structure — two types are the
results of the bounds for the rotation ¢ (plastic limits) and one type is defined by the limit
point on the post-buckling path for ¢, >0 (elastic range).

If the probability distribution of the initial inclinations ¢, and/or the plastic limits &,
are defined, it is possible to obtain the probability distribution of the critical load N,,. And
if the probability distribution of a real load P is given and P is stochastically independent of
the critical load N,,, then the reliability of the structure can be estimated.

The nonlinearity of the problem creates some difficulties when analytical formulas are
used. A computer simulation based on the Monte Carlo methods brings, in this case, real
advantages. A special computer code has been prepared to analyse the random problem
comprehensively.

4.1.1. Direct Monte Carlo analysis

First, the direct Monte Carlo method is applied. To describe the bar model two
independent random variables are taken into account: the initial inclination of the vertical
axis ¢, and the yield strain &, of the guy. They are described by the two independent
normal random variables:

m, =0.00, D, =0.0116

m, =009, D, =0.0059

y y

(4.9)

where m, describes the expected value, and D(l) the standard deviation of the random
variable (-) .

One hundred of these random variables are generated. On the basis of
100x 100 =10000 pairs of the random values a histogram of the critical load N, is
derived (Fig. 4.3). It can be noticed that it differs from the normal distribution. The
histogram shape and its estimators characterize the mechanical behaviour of the bar model.
For example, similar bi-modal distributions have been obtained in the case of compressed
cylindrical shells (see Section 5) or concrete bending beams with medium level of
reinforcement (see Henriques et al. 2002).

0.14 Random: ¢, €, __

012 NR = 100 x 100 = 10000 |
z 01 m,, = 0.48800
C
g 0.08 D, =0.06371
2 0.06
& 0.04

0.02

0 IIIIIIIIl—I_IIrl_IIIIIIIIIIIIIIIlllrrl_l—llllllllIIIII|
03 034 038 042 046 05 054 058

N, /ki

Fig. 4.3. Direct Monte Carlo — histogram of the critical load —
100 x 100 = 10000 samples
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To estimate the model reliability one hundred random variables of the load P are
additionally generated. The probability distribution of the load P is also assumed as normal
distribution

mp [kl =0.36, Dp/ki=0.0289 (4.10)

In this way, the reliability is calculated using NR = 100x 100x 100 = 1000000
samples. At first, the probability of failure is estimated (see Chapter 2.5)

n(B>N.) 25400
NR 1000000

where n(P, > N!.) is the number of forces P, for which P, > N/ , N’ is the critical load
calculated according to the generated initial imperfection ¢, and ¢, , and NR stands for the
number of realizations (samples).

The reliability can be calculated according to the following formula

py = =0.0254 (4.11)

R=Pr(N,, >P)=1.0-p, =1-0.0254 = 0.9746 (4.12)

It is also possible to create a histogram of the model limit state. To this end, at every
Monte Carlo step i (i =1, 2, ..., NR) the following multiplier is calculated

Ner
o =——
P

l

(4.13)

A set of all multipliers obtained in this way defines the limit state histogram presented
in Fig. 4.4. One of the characteristics of these histograms is reliability. It is easy to see that
the area described by «; <1.0 (the dashed domain in Fig. 4.4) estimates the probability of
failure p, (4.11). The obtained histogram describes the random mechanical response of
the bar.

0.2 7] Random: P, ¢, €,
5. 0.16 — NR =100 x 100 x 100 = 1000000
€012 - m, = 13561
03;0.08 N D, =0.20448
w 0.04 -] R =0.9746
0 _ o

02 06 1 14 18 22 26

Fig. 4.4. Direct Monte Carlo — limit state histogram
100 x 100 x 100 =1 000 000 samples

The direct Monte Carlo method, however very precise and easy in application to any
linear or nonlinear problems, is inefficient and the calculations are time consuming.
Alternative tools are usually used.

4.1.2. Stratified sampling method

According to the stratified sampling method (see Chapter 2.2) the analysis is
performed taking advantages of selected random variables. The method is examined using
the bar model (Fig. 4.1)
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To begin with, 1000 random variables of the bar inclination ¢, the yield strain of the
guy ¢, and the load P are separately generated according to the formulas (4.9) and (4.10).
Next, the obtained three random sets are divided into 100 equal subsets. In each subset the
value close to its middle is chosen as a representative. Only the representative random
variables are taken into consideration. In this way the problem reduces to
NR =Ny, xNg.x Ngp =100x100x100 =1000000 samples, where Ng,,Ng,, and Ngp
are the numbers of subsets of ¢, €, and P respectively. It should be noticed that in the
numerical experimentation there is no need to randomize the order in which the
experiments are done, because the results in this case is not affected by previous analysis.
The numbers of samples in the direct and stratified methods are equal (1000000) but
obtained in different ways. It should be pointed out that in the case of the stratified method
some of the random subsets are empty, and in the example under consideration only
622288 values have to be analysed (the number was evaluated by the computer program).

In consequence, the probability of the single random variables is different in the direct
and stratified methods. The samples of the first one have the prescribed equal probability
(p; =1/ NR), while in the case of the stratified method it can be calculated in compliance
with the following formula

B ng xNgg ><N§%
NR

where N o0 N t.» Nip are the numbers of random variables of ¢, ¢, and P belonging
to the subset 7.

In Fig.4.5 the histogram of the critical load calculated with the help of the
representatives of the generated ¢, and &, values is presented. The estimators (the mean
value m, and the standard deviation D, ) are close to those obtained by the use of the
direct Monte Carlo analysis (Fig. 4.5).

D; (4.14)

Random: ¢, , €,

0.12 ] Stratified sampling: N
0.1 o 1000 x 1000 samples reduced to
30.08 -] NR =100 x 100 = 10000
§ 1 m,=048557
5 0.06
5] i D, =0.06217
C 0.04 H !
0.02 4
0 _|||I|||||||I|||I|||I|||I|||||||||||||||||||||||||||||

03 034 038 042 046 05 054 058
N, /1

Fig. 4.5. Stratified Monte Carlo — histogram of the critical load —
1000 x 1000 samples reduced 100 x 100 = 10 000 samples

Then, the histogram of the model limit state is calculated using the definition of the ¢;
multipliers (see Eq. (4.13)). The histogram is presented in Fig. 4.6. The reliability obtained
in this way

R=Pr(N, >P)=0.9747 (4.15)

is identical to the value calculated by the application of the direct Monte Carlo method
(4.12).
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Random: P, ¢, g,
0.2 4 Stratified sampling:
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Fig. 4.6. Stratified Monte Carlo — limit state histogram
1000 x 1000 x 1000 samples reduced 100 x 100 x 100 = 1 000 000 samples

It is important to check how many reduced realizations should be considered without
losing the accuracy of the reliability calculations. In Table 4.1 the results of the analysis for
various numbers of subsets are presented. In each case the basic random set of 1000
variables was used to be next reduced to an appropriate magnitude. Additionally, a
graphical presentation of the convergence calculations (Table 4.1) is given in Fig. 4.7.

Table 4.1
Stratified sampling method — accuracy analysis of the bar model reliability calculations

LS NR Real mme]z\a/n staf(ljvard Mg staﬁéeard R

No. of nur‘nbe.r of nurpbe.r of value of | deviation mean deviation | reliability
subsets | realizations | realizations N, of N, value of R of R

5 125 125 0.499838 | 0.068545 | 1.399988 | 0.224888 | 1.000000
6 216 216 0.472307 | 0.052851 | 1.320864 | 0.185134 | 0.972776
7 344 343 0.490629 | 0.066655 | 1.370597 | 0.219723 | 0.966254
8 512 512 0.475268 | 0.054465 | 1.328134 | 0.190319 | 0.971146
9 729 729 0.486959 | 0.064452 | 1.360627 | 0.214066 | 0.964001
10 1000 1000 0.476842 | 0.055169 | 1.331597 | 0.190811 | 0.974031
11 1331 1331 0.485703 | 0.062873 | 1.357137 | 0.209994 | 0.975572
12 1728 1728 0.496345 | 0.067657 | 1.385294 | 0.222137 | 0.978323
13 2197 2197 0.483720 | 0.061947 | 1.350190 | 0.206767 | 0.973149
14 2744 2744 0.493334 | 0.066477 | 1.377255 | 0.218929 | 0.974560
15 3375 3375 0.483020 | 0.060849 | 1.348333 | 0.204174 | 0.973800
17 4913 4624 0.482927 | 0.060980 | 1.348520 | 0.204761 | 0.973403
20 8000 7600 0.487248 | 0.063783 | 1.360456 | 0.211654 | 0.973754
30 27000 23490 0.483983 | 0.061080 | 1.351204 | 0.204921 | 0.973179
40 64000 53040 0.487604 | 0.063554 | 1.361301 | 0.211125 | 0.974097
50 125000 96922 0.485359 | 0.062217 | 1.355067 | 0.207577 | 0.974329
60 216000 159201 0.487623 | 0.063630 | 1.361208 | 0.211169 | 0.974510
70 343000 248235 0.486281 | 0.062694 | 1.357377 | 0.208725 | 0.974542
80 512000 340992 0.485294 | 0.061948 | 1.354776 | 0.206916 | 0.974511
90 729000 489048 0.485567 | 0.062171 | 1.355473 | 0.207487 | 0.974828
100 1000000 622288 0.485567 | 0.062171 | 1.355473 | 0.207487 | 0.974731
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Fig. 4.7. Stratified Monte Carlo — analysis of reliability calculation convergence

Analysing the results one can conclude that at least 2000 samples should be applied to
make the stratified Monte Carlo calculations. It means that the minimal number of reduced
realizations when the reliability of the model is estimated is NR = N, x Ng, x Ngp =
13x13x13=2197.

The critical load and the reliability histograms obtained for this number of samples are
presented in Fig. 4.8 and Fig. 4.9 respectively. There is an evident discrepancy between the
critical load distribution obtained on the basis of 13 x 13 and 100 x 100 samples (compare
Fig. 4.8 and Fig. 4.5). However, it is worthy of mention that the respective estimators of
these histograms are close. The limit state distributions and their estimators in both cases
are almost identical (compare Fig. 4.9 and Fig. 4.6).

Random: ¢, , g,

0.24
1 Stratified sampling: —
0-2 31000 x 1000 samples
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w008 5 5 ~0.06195
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Fig. 4.8. Stratified Monte Carlo — histogram of the critical load —
1000 x 1000 samples reduced 13 x 13 = 169 samples

4.1.3. Level-3 reliability method

The stratified sampling method requires that all random variables have to be
considered in the reliability calculations. In the case of the rigid bar model (Fig. 4.1) the
realization number NR = N, x Ng, x Ngp. According to the level-3 reliability method only
NR = N, x Ng,. realizations should be taken into consideration. The critical load N, is
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calculated for each random pair ¢, and &,. This part of the calculation is similar to the
stratified sampling method (see Chapter 4.1.2). An example of such a histogram calculated
for Ng,xNg, =300 is presented in Fig. 4.10a.
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Fig. 4.9. Stratified Monte Carlo — limit state histogram
1000 x 1000 x 1000 samples reduced 13 x 13 x 13 = 2197 samples

The second part — the reliability calculation — differs from the direct or stratified
Monte Carlo method. As in this case the formula (4.1) is applied, it is necessary to know
not only the probability density function of the critical load but also the cumulative
distribution function of the load F, must be known. This is presented in Fig. 4.10a and b.
The calculations according to the formula (4.1) are not performed on the basis of the
presented distributions (Fig. 4.10) but by the computer program. The calculated reliability
R=0.97508 is close to the values obtained with the help of the direct and stratified
methods.

a) Random: ¢,), €,
0.12 ] Stratified sampling: ]
0.1 9 1000 x 1000 samples reduced to B
1 NR =300 x 300 =90000 |
?0-08 1 non-zero samples: 37233 ]
ag’_0.06 = m,, =0.48653
8 1 D, =0.06273
“004 3 R 097508
0.02
O _|||I||_|—[|||I|||I|||I|||I|||I|||I|||I|||||||I|||||||
0.3 0.34 038 042 046 0.5 0.54 0.58
N, /1
b) 1
0.75 Cumulative distribution of P
K05 Normal distribution:
0.25 m,=036  D,=00289
O ||||||||I||||||||||||||||||||||||||||||||||||||||||||||||

03 034 038 042 046 05 054 058
P/l

Fig. 4.10. Histogram of the critical load: 1000 x 1000 samples reduced 300 x 300 = 9000 samples (a),
and the probability distribution of the compressive load (b)
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To analyse the convergence of the applied reliability estimations a series of calculations has
been performed (see Table 4.2). The same results are presented in Fig. 4.11.

Table 4.2
Level-3 method — accuracy analysis of the bar model reliability calculations
LS NR Real my D, R
No. of No. of number of mean value standard deviation reliability
subsets | realizations realizations of N, of N,
5 25 25 0.499837 0.068545 0.980350
6 36 36 0.472308 0.052852 0.976341
8 64 64 0.475269 0.054465 0.973682
10 100 100 0.476842 0.055169 0.973103
12 144 144 0.496345 0.067658 0.975010
15 225 225 0.483021 0.060849 0.974926
20 400 380 0.487248 0.063783 0.974161
30 900 783 0.483983 0.061081 0.975039
40 1600 1326 0.487605 0.063554 0.974831
50 2500 1935 0.485360 0.062217 0.974999
60 3600 2646 0.487624 0.063631 0.974854
70 4900 3534 0.486282 0.062694 0.975192
100 10000 6460 0.485568 0.062172 0.975082
200 40000 19992 0.485663 0.062206 0.975115
300 90000 37233 0.486349 0.062728 0.975079
1
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Fig. 4.11. Level-3 reliability method — analysis of the calculation convergence

The outcomes proved that the level-3 method indicates very fast convergence
compared to the stratified Monte Carlo calculations (see Fig. 4.7 and Fig.4.11). The
minimal number of realizations can be estimated at 150, while in the case of stratified
sampling at over 2000. It should be stressed that the results obtained by the level-3 method
are only an approximation and the reliability values calculated according to these two
methods vary only slightly (compare Table 4.1 and Table 4.2).
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The level-3 method can also be combined with the direct Monte Carlo calculation
technique. The convergence analysis is presented in Fig. 4.13. One can notice that the
outcomes are also stable when at least 2000 are used in the calculations.
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Fig. 4.12. Level-3 reliability method combined with the direct Monte Carlo
— analysis of the calculation convergence

It is interesting to compare the results with the appropriate formula according to the
level-2 method. This method takes into account only the first two moments of the
probability distributions of P and N,,. The structure reliability index 8 (Murzewski 1989,
Thoft-Christensen and Murotsu 1986) is calculated on the assumption that the load and the
resistance variables have the probability distribution close to normal

_my-mp _ 048653-036 oo (4.16)

JD2+ D} 0.06273 +0.02892

where my, Dy, mp, Dp are the expected values and the standard deviations of N, and P,
respectively. Then

R® =erf(f)+0.5=0.9329+0.5 = 0.9829 (4.17)
where
12
erf () = e 2dt (4.18)
( N2 '[

The results (4.17) are too optimistic against the reliabilities calculated according to the
level-3 and the stratified Monte Carlo methods.

4.1.4. Random variable sensitivity analysis

In this Section sensitivity of all random variables affecting the reliability calculations
of the bar model (Fig.4.1) is considered. The proposed analysis is based on specific
reliability calculations aided by the limit state histogram. Three random parameters are
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analysed: the inclination ¢,, the strain ¢, and the load P. Selecting one of this random
value and making it constant a multiplier responsible for the structure failure is calculated.
A set of all multipliers obtained in this way defines the limit state histogram of the
structure. The histogram estimators and its shape make it possible to assess the sensitivity
of the selected random variable.

First the sensitivity of the random load P obtained in the previous sections (see Fig. 4.6 or
Fig. 4.9) is studied and calculated once more using an alternative method. The histogram of the
critical load is estimated by the direct Monte Carlo method. 300 random variables of the initial
inclination ¢, and the yield strain &, are generated. Thus, the number of realizations
NR =300x300=90000. The histogram is presented in Fig. 4.13. The results are close to those
obtained according to the stratified method (see Fig. 4.5 and Fig. 4.10)
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Fig. 4.13. Direct Monte Carlo — histogram of the reliability
300 x 300 = 90000 samples

In each realization, the calculation of the critical load N’ is followed by the
generation of a random variable of the load F. The results allow to determine the
multiplier ¢;, (i=1, 2, ...,90000) fulfilling the conditions of the formula (4.13). On this
basis the limit state histogram (Fig. 4.14) and the structure reliability R = 0.97701 can be
calculated. As in the case of critical load distribution, the results presented in Fig. 4.14 are
close to those obtained with the help of the direct and stratified Monte Carlo methods.

02 B Distribution: P
0.16 4 [] Random: ¢, , ¢,
S 10 3 NR =300 x 300 = 90000
g m,=1.35758
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Fig. 4.14. Limit state histogram — sensitivity analysis of random load P

Further, the sensitivity of the initial angle of the bar inclination ¢, is analysed. For
this purpose 300 random variables of the yield strain &, and the load P are generated.
Making use of the data the critical angle ¢, is calculated. The results enable to obtain the
multiplier ¢;, (i=1,2, ..., 90000) proceeding in accordance with to the following formula
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a;

= P (4.19)
20
where goé is the random variable generated together with &, and P.

The results are presented in Fig. 4.15. As the dispersion of the limit state histogram is
enormous three figures describing the different ranges of the «; multipliers are outlined.
The influence of the P load variability on the structure reliability is much more significant
than the effect of the initial angle of the bar inclination ¢, . It is obvious that the calculated
reliability is the same as in the previous case (R = 0.97703).
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Fig. 4.15. Limit state histogram — sensitivity analysis of random parameter ¢

The sensitivity analysis of the yield strain &, is carried out in a similar way. This time
300 random variables of the initial angle of the bar inclination ¢, and the load P are
generated. After calculating the critical strain ., and generating the random variable ¢;
the multiplier «;, (i=1, 2, ..., 90 000) is obtained

a, == (4.20)

The limit state histogram — three figures describing the different ranges of the ¢;
multipliers — is presented in Fig. 4.16. It should be pointed out that the histogram is not
complete in the range «; <0. The reason is as follows: when the calculated £,
according to the generated ¢y is less that the generated value of P, it is impossible to
determine the appropriate value of the critical strain &, and the multiplier ¢; (4.20) does
not exist. However, such a case (to not outlined in the limit state histogram) must be
included in the reliability calculation as a failure. On this basis the structure reliability,
identical to the earlier calculations is obtained (R = 0.97702).

According to the results one can notice that the variability of the yielding strains ¢,
does not influence the structure reliability as much as the load P and its effect is similar to
the initial inclination ¢, .
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Fig. 4.16. Limit state histogram — sensitivity analysis of random parameter &,

The presented analysis shows versatile applications of the limit state histograms. On
their basis not only the structure reliability (value) and the reliability feature (histogram) but
also the sensitivity of the random parameters with respect to this reliability can be
calculated.

4.1.5. Minimal and maximal random variable distributions

Using the simulation-based approach an interval of the structure reliability can be
assessed. For this purpose the structure imperfections are described as the minimum and
maximum values of a set of n random variables. The appropriate cumulative distribution
functions for the two cases are as follows:

Froe (x)=[F(x)]' (4.21)
Fr (x)=1-[1-F (x)|" (4.22)

where F(x) describes the assumed cumulative distribution.

It is easy to apply the imperfection sets to the Monte Carlo analysis and to calculate
the histograms of limit loads obtained in this manner. Then, using level-3 equation (4.1)
two reliability values of the structure can be estimated. These values assess the interval of
the structure reliability.

In this case, only the inclination of the bar is assumed as random. The angle ¢, is
described by the minimum and maximum values chosen from a set of three normal
variables (7 = 3) defined by (4.9);. The yield strain is constant ¢, =0.09. In a numerical
procedure three variables are automatically generated and the maximum and minimum
values are selected. 3000 samples have been used to calculate the appropriate histograms of
the critical loads (Fig. 4.17b and c¢). To compare the obtained results also the histogram of
the critical load for 3000 samples of ¢, has been derived (Fig. 4.17a)
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Fig. 4.17. Histogram of the critical load — 300 samples

Making use of these histograms the reliability of the bar model for minimum and
maximum sets of random variables can be calculated according to the level-3 method:

R=Pr(N,, >P)=0.9708
Ry = Pr(N,, > P)=0.9247 (4.23)
Ry = Pr(N,, > P) =0.9994
These values form an estimated interval of the model reliability:

<R<R (4.24)

in = max
Similar calculations have been performed assuming n»=2 in formulas (4.21) and
(4.22). The following interval has been obtained
0.94778 < R <£0.99557 (4.25)

The interval is evidently too wide. In the case of real structure analysis, for which
a great scattering of results can be observed, the estimation of the reliability interval can be
an alternative and promising method.
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It should be put forward that all the described techniques have limitations regarding
the loading applied to the structure. Proportional loading situations are equivalent to the
basic reliability problem (2.30) in which the applied extreme load is the maximum load for
the lifetime of the structure. For complex system, usually load-path dependent are
implemented. In such cases one possibility is to define the load combinations to be used in
a reliability analysis in a manner analogous to that used in conventional structural design
and for which only a limited number of combinations of loading is considered (see for
example Ditlevsen and Madsen, 1996).

4.2. Models with two degrees of freedom

In this section a spatial nonlinear model of a rigid bar is analysed. Two cases are
considered:
1) unstable case — an elastic solution,
2) stable case — an elastic-plastic solution.
To obtain these states appropriate springs supporting the bar are applied.

4.2.1. Case 1: elastic solutions

A model of a rigid bar of length /, hinged at the bottom and supported at the top by
two linear springs of stiffness k1 and k2 (Fig. 4.18) is examined. The bar is loaded with
a vertical conservative force P. The position of the bar is defined by the rotation angles ¢
and y , while ¢, and y, are the angles of initial inclinations.

X3

Kaa

SAMAT
—~\V\

7777777/

Fig. 4.18. Model of a rigid bar supported by elastic springs — Case 1

The potential energy of the model is

1 1
V(p.w) =Ek1u12 +5k2u§ — Puy (4.26)
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where
u, (@) =(sinpsiny —sin g, siny, )
u, (¢,w) =1 (—singcosy +sin @, cosy,) (4.27)
uz (@, ) =1(cos g, —cosp)

From the following elementary equations

W _o. Uy (4.28)
op oy
where
oV . .
P kyuy (cos psiny )+ kyu, (—cos g cosy ) — Psin (4.29)
4
ov . .
o kyuy (cos @ cosy )+ kyu, (sin siny ) (4.30)
v

the equilibrium parameters, angles ¢ and y, and load P related to them can be
calculated.

It is easy to notice that the problem can be qualified as an unstable case (Case 1).
Thus, the known energy considerations (the second variation of potential energy is
positively defined) lead to the conclusion that the stable and unstable regions are separated
by the following surface

2, A2 20\
6V6V_[6VJ:0 430

op* oy’ | dpoy
For example, for the fixed y, values (y, =57/8) and the spring stiffness relations
k2=0.1xkl and k2=0.9xkl, the value of force P versus angle ¢ is calculated. It

should be pointed out that the equilibrium paths represent rather complicated spatial curves.
The results presented in Fig. 4.19 are only their plane representations.

P/l k2 =0.9 x kl
0.8
0.6
.= 0.001 +0.02
0.4 O — max. value of P
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Fig. 4.19. Case 1 — equilibrium paths for the unstable model
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The next step in the analysis concerns the random problem.
The inclination angles ¢, and y, are assumed to be random variables. The uniform
distributions in the following intervals are applied (see Fig. 4.18):

9 €(0.0, 0.05), v, =(7/2, 7) (4.32)

When the random inclination variables have been defined it is possible to obtain the
probability distribution of the critical load N, . The nonlinear problem is solved with the
help of a computer program.

As many as 2000 initial inclinations of the bar have been simulated. For each random
angle pair (¢, and y,) the critical value of load N, is calculated. The critical load
probability distribution for identical spring stiffness (k2 =£kl1) is presented in Fig. 4.20.
Additionally, the expected values of the critical load m, and its standard deviations D, are
calculated (Fig. 4.20).
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Fig. 4.20. Case 1a — histogram of the critical load N,
and the probability distribution of load P

Assuming that the probability distribution of the applied load P is stochastically
independent and uniformly distributed in the interval

P (0.61,0.81) (4.33)

the structure reliability R can be calculated. The exact formula of level-3 method is
applied (Eq. (4.1))
R= Pr(NC, > P)=0.9994 (4.34)

Next, similar calculations are performed for different values of the spring stiffness:
k2 =0.95xkl. Appropriate critical load probability distribution is presented in Fig. 4.21.
The reliability for this case is also calculated

R=Pr(N, >P)=09782 (4.35)

In the following an alternative concept describing more precisely the behaviour of the
model is proposed. 2000 random values of the independent, uniformly distributed load P
are generated together with random imperfections ¢, and .
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Fig. 4.21. Case 1b — histogram of the critical load N,

and the probability distribution of load P

At every Monte Carlo step i (i =1, 2, ..., NR ) the multiplier satisfying Eq. (4.13) is
calculated. A set of all multipliers obtained in this way defines the histogram of the limit
state (see Fig. 4.22 and Fig. 4.23). In these simple cases the obtained reliability values are

as follows:

Casel: R =0.9995
Case2: R =0.9790

(4.36)

They are close to those obtained according to formula (4.1) — see Eqgs. (4.34) and (4.35).
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Fig. 4.22. Case 1a — histogram of the limit state
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Fig. 4.23. Case 1b — histogram of the limit state
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4.2.2. Case 2: elastic — plastic solutions

In this Section a model of a rigid bar supported by two springs of stiffness k1 and k2
(Fig. 4.24) is analysed. As in the first example the bar is loaded with a vertical conservative
force P . The angles of initial inclinations ¢, and y,, of the vertical axis are assumed to be
random, uniformly distributed values according to the formulas (4.32).

Fig. 4.24. Model of a rigid bar supported by elastic-plastic springs — Case 2
In this case the potential energy of the model is

V(p.w) :%klaf +%k2a22 — Puy (4.37)
where
sing (@,y) = sin gsiny —sin g, siny,
sina, (@,y) = —sin@cosy +sin @, cos (4.38)
Uy (go,y/) = l(cosgz)0 —COS(p)

From the following equations:

Z—V =k cospsiny - [sin_l (singsiny )—sin”' (sin g, siny, )J+
4 1—(singsiny) (4.39)
ey S PEOSY, - [sin’1 (singcosy ) —sin™' (sin g, cosy, )] —Plsing=0
\/1 —(singsiny)
2_V =k sin g cosy - [sin’1 (singsiny)—sin~" (sin @, siny, )]+
v 1—(sinpsiny) (4.40)
+k, —singsiny - [sin_1 (cospcosy ) —sin™' (sing, cosy, )] =0

1- (sin(psin y/)
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the equilibrium paths can be calculated. Some examples of these solutions are presented in
Fig. 4.25.
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Fig. 4.25. Case 2 — equilibrium paths for the stable model

The second model presents a stable case (Case 2). It is easy to notice that the
equilibrium paths do not exhibit any maximal points.

To obtain the histograms of critical load of ideal elastic-plastic springs are considered.
The following plastic bound for rotations ¢, is assumed

9, =020 (4.41)

On the basis of 2000 simulations the histograms of the critical load N, are derived
(Fig. 4.26 and Fig. 4.27).

The probability distribution of load P is accepted as in Case 1. In Fig.4.26 and
Fig. 4.27 the obtained reliability values are given.
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Fig. 4.26. Case 2a — histogram of the critical load N,
and the probability distribution of load P
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Fig. 4.27. Case 2b — histogram of the critical load N,
and the probability distribution of load P

Alternative versions of the reliability values are also estimated. The multipliers ¢;
(Eq. 4.28) for NR =2000 generated random values of load P, are calculated. The results
are presented in Fig. 4.28 and Fig. 4.29. In these cases the reliability values compared to
those obtained by the level-3 formula show significant differences:
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Fig. 4.29. Histogram of the limit state — Case 2b
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In the elastic-plastic cases the method of the alternative calculating of the reliability
with the help of multipliers describing the relations of simulated load values related to the
critical loads can give valuable information on the structure mechanical behaviour.

The Chapter presents the power of the random sampling method when stochastic
nonlinear models are taken into consideration. The method can easily be used for analysis
of realistic models of masts with elastic-plastic guys randomly exposed for example, to
wind action. The results can contribute to engineering design.

On the basis of the results two-dimensional models of structures can successfully be
analysed.



Chapter 5

TWO-DIMENSIONAL RANDOM NONLINEAR MODELS

According to the simulation-based approach each realization of the nonlinear two-
dimensional model of structure is solved using a finite element program and the
incremental operations. These operations in the case of geometrically and/or materially
nonlinear problems are time-consuming even for powerful computers. The accuracy of the
calculations depends on the number of realizations. Therefore, it is important to know how
many samples ought to be simulated in order to obtain satisfactory results.

In general, the problem of accuracy of the simulation-based approach can be solved by:
— an analysis of the input data (the description of the random structure parameters),

— an analysis of the output results (the structure response obtained in a numerical way).

5.1. Reduction methods of the random input data

The input data are usually presented as scalar, two-dimensional random fields of the
second order. In numerical examples using the finite element method it is necessary to
transform the continuous random fields into a discrete form. As a result, the random field
takes the form of a multidimensional random variable and the covariance matrix plays the
role of correlation function. The covariance matrix type and its parameters can be assumed
according to some engineering knowledge, but their description should be mathematically
sound. The establishment of International Data Bank, proposed by Arbocz and Hol (1995)
would significantly help these investigations (see also Schenk and Schuéller 2003, and the
reference cited there).

When the theoretical form of the imperfection fields has been assumed (for example:
Wiener, Brown, homogeneous function or another) the simulation process is applied.
Various methods and numerical programs can be used to generate a set of imperfection
fields (see Chapter 2 and Chapter 3). The results can be compared with theoretical fields.
The well known statistical formulas are the best and adequate for this comparison.

The simulation and the convergence analysis of the description for two-dimensional
random fields (see Chapter 3) shows that the number of realizations depends on the
quantity of nodes in the discretization mesh and the type of the generated field. Even for
small meshes of 100 + 200 points a sufficient number of realizations must be of the order
2000. From the point of view of the efficiency of nonlinear numerical calculations such a
numerous set of realizations is too big.

It is possible to reduce the number of the input realizations (see, for example, Hurtado
and Barbat 1998).

In view of the above the following methods are presented in detail:

— reduction of the generated input realizations to a number of representative realizations
with some prescribed probability (the stratified Monte Carlo analysis described in
Chapter 2),

— selection of some specific, extreme input realizations from the generated set which are
expected to give an extreme mechanical answer to the structure model.
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In the second case the outcome of such parametric study of the generated set of input
realizations is an evolution of the “worst” imperfection mode of the structure which leads to
the lower bound of the critical load of the structure. This information is most significant as
far as the structure safety is concerned, for example, shells (Deml and Wunderlich 1997).

The above methods are presented in the next sections. The structure uncertainties are
described by degenerated (defined by one random variable. Eq. (3.6)), and two-dimensional
random fields.

5.1.1. Direct and stratified Monte Carlo methods

As an illustration, a simply supported, shallow cylindrical shell, presented in Krétzig
(1989), is considered (Fig.5.1). The geometrical and material nonlinearities are taken into
account. The shell is composed of an ideal elastic-plastic material. Only a compressive load is
applied. The following data are assumed to be the deterministic values: E = 2.06 x10° MPa ,
v=03, 0,=245MPa, a/R=0.12, t/a=0.01 and N, =axtxo,. Parameters £ and
v describe the Young modulus and the Poisson coefficient respectively, and o, stands for the

¥
material yield stress value.

E=2.06x10°MPa
=03
0,=245MPa
a/R=0.12
t/a=0.01

Nipax=a x t x 0

Fig. 5.1. Simply supported axially compressed shallow shell

To begin with, some introductory calculations are performed for ten arbitrarily chosen
initial imperfection — displacements of the central point of the shell (see Fig. 5.2). In this
way a double-symmetric problem is considered. For every assumed imperfection, the
nonlinear calculation of the post-buckling behaviour of the shell is performed using the
BOX program (Chroscielewski 1983, and 1996, and Chroscielewski et al. 1987). The
results are presented in Fig. 5..
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Fig. 5.2. Equilibrium paths of the shell central point — displacement w versus load P
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Because of the symmetry of the model only one quarter of the shell is analysed

(12 x 12 =144 finite elements with 24 degrees of freedom). The ideal elastic-plastic
material is numerically described by 3 x 3 =9 Gauss integration points in the middle plane
of the element, with five points in the thickness direction. A single realization of the
geometric imperfections is assumed in the form of transverse displacement in the middle
surface of the perfect shell. The operation is performed using the BOX computer program
as the forced displacement procedure at finite element nodes. The state of the shell is
defined as stress free. Finally, the loading in an incremental steps is applied. A change of
the geometry of the shell, and the stresses are controlled by the tangent stiffness matrix
K;(4), where A is the load parameter (see Fig. 5.1). The limit load S (Eq. (3.29)) is
defined by det K, (1) =0. Observing the equilibrium paths of the point on the middle
surface of the shell (Fig.5.2) the condition det K, =0 can correspond to the three
different types of the shell response:
— the displacement w of the shell central point is directed upwards reaching the limit point

in the plastic range,
— the displacement of the point is directed downwards reaching the limit point in the

elastic range with the snap-through effect,
— the displacement of the point is directed downwards reaching the limit point in the

plastic range.

It should be pointed out that a similar mechanical behaviour was noted in the simple

rigid bar model analyzed in Chapter 4. For this reason, the conclusion formulated there can
support the probabilistic solution of the shallow cylindrical shell problem.

5.1.1.1. Degenerated random fields described by single random variables

First, the geometrical imperfections are assumed in the form of a degenerated random
field defined by one random variable at the central point of the shell (double-symmetric
problem). The field is described by normal distribution with zero mean value and 0.1666¢
standard deviation. 300 variables with uniform probability (equal to 1/300) are generated.
As the direct Monte Carlo method is applied the nonlinear calculations are performed for
every simulated imperfection.

The load level P, =0.272P,,, close to the snap-through effect of the shell is assumed
to be critical (Fig. 5.2). In this way the probability of the shell failure is formulated as the
probability of the first passage of a given threshold (Bayer and Bucher 1999), i.e. the
defined load level. For each imperfection, the displacement w at the central point of the
shell corresponding to the load P,,, is numerically calculated. The following mean value
and the standard deviations of the displacements are obtained:

W/t =-0.2997
. (5.1)
G, /t=0.8436

The probability distributions of the geometrical imperfections w, and the resulting
displacements w are presented in Fig. 5.3 and Fig. 5.4. The shape of these probability
distributions indicates a nonlinear character of the considered problem — the normal
distribution of the initial imperfections transforms into bi-modal distribution of the output
results. It should be emphasized that the similar histogram shapes were obtained in the case
of the rigid bar models (see Chapter 4). An advantage of these preliminary calculations is
straightforward. Such a possibility of analysing complex structures throughout an
alternative model is not new. For example, Naprstek (1999) tested simple Mises frames,
modelling a strongly nonlinear behaviour of shallow shells with geometrical uncertainties.
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Fig. 5.3. Probability distribution of 300 initial geometrical imperfections w,
at the central point of the shell
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Fig. 5.4. 300 realizations of degenerated field — histogram of the shell
central point displacement w for the load P,

Next, the stratified Monte Carlo analysis is applied. In this simple, one dimensional
case advantage is taken of the following reduction procedure. The initial imperfections are
divided into intervals. One representative geometric imperfection is chosen from each
interval. The probability of these representatives is described by the following formula

N;

Pi =y (5.2)
where N, is the number of the geometric imperfection belonging to the interval i, and NI is
the number of all variables (in our case NI = 300).

The applied intervals 0.1¢#, 0.05¢, 0.025¢, 0.02¢, 0.01¢, reduce the initial set to the
number of the imperfections 11, 25, 37, 45, 75, respectively. For each reduced set of the
realizations the following estimators are calculated:

NRI

— expected value w= z i,
i=1
NRI 5
— standard deviation G, = Z p;(w, —w)
i=l
. o G,
— coefficient of variation V= (5.3)
w

NRI

3

— central moment of the 3" order ,uS ) = z p;(w, = W)
i=1
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(3)

— coefficient of asymmetry Yy = ﬂ:g
w
NRI 4
— central moment of the 4% order ) — Z D (W, —W)
i=1
ﬂ(4)
— coefficient of kurtosis V3=

w
where w; is the representative imperfection from interval i and NRI is the reduced number
of the imperfections in the set. The outcomes are presented in Table 5.1.

Table 5.1
Estimators of reduced sets of imperfections wy
Estimators 300 Number of realizations
of initial geometrical generated in the reduced set:
imperfections w; realizations 11 25 37 45 75
Expected value wy/t 0.00015 0.00161 | —-0.00022 | -0.00027 | —-0.00023 | —0.00011

Standard deviation &, /¢ 0.16916 0.17107 0.16900 | 0.16879 | 0.16927 | 0.16927

Coefficient of variation y, 1127.9 106.23 -761.61 -636.27 | -748.33 | -1537.4

Coefficient of asymmetry y, | -0.1719 -0.1595 | -0.1814 | —0.1729 | -0.1699 | —-0.1680
Coefficient of kurtosis y3 3.0764 2.9560 3.0236 3.0774 3.0744 3.0687

For each reduced set of the realization the displacement w of the central point of the
shell, corresponding to the load P, =0.272F,, is calculated. It is assumed that the
probability of this displacement is equal to the probability of the representative initial
imperfection (5.2). The calculated estimators are presented in Table 5.2.

Table 5.2
Estimators of displacement w
Estimators 300 Number of realizations
of initial geometrical generated in the reduced set:
imperfections w realizations 11 25 37 45 75
Expected value w/t -0.29968 | —0.32643 | -0.32305 | —0.29930 | -0.30197 | —0.30166

Standard deviation &,,/¢ 0.84356 0.87050 0.85921 | 0.84266 | 0.84408 | 0.84405

Coefficient of variation y, -2.8149 -2.6667 | -2.6597 | -2.8154 | —2.7952 | —2.7981

Coefficient of asymmetry y, | -1.0174 -0.8951 -0.9235 [ -1.0233 | -1.0121 | -1.0108

Coefficient of kurtosis y3 2.6627 2.3184 2.4087 2.6748 2.6533 2.6497

Considering the values of the estimators in Table 5.1 and Table 5.2, one can notice

that the results of the reduced set of 37 realizations:
W/t =-0.2993
6, /t =0.8427

(5.4)
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are close to those of the 300 generated realizations (5.1). Therefore, instead of analysing the
300 generated realizations it is possible to perform calculations only for the 37 realizations.
Fig. 5.1 and Fig. 5.2 illustrate the input and output histograms.

37 reduced realizations 0.3 7 Frequency
of initial imperfections

Estimators:
mean value

Wyl t =-0.00027 ¢
standard deviation

6:1,.0/ t= 0.16879 ¢

Normal distribution
Wy = 0.0, Ow= 0.1667 t

~

-06-05-04-03-0.2-0.1 00 01 0.2 03 04 05 0.6
Displacement w, /

Fig. 5.1. Histogram of 37 reduced initial imperfections w,
at the central point of the shell

37 reduced realizations 0.12 Frequency
displacement w for P, =0.272 P,

st
Estimators: ~
mean value wlt=—02993

standard deviation G,/ t= 0.8427

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
displacement w /¢

Fig. 5.2. 37 reduced realizations of degenerated field — histogram of the shell
central point displacement w for the load P,

For comparison the same analysis for 37 generated realizations (with equal probability
1/37) is made. The results presented in Table 5.3 indicate a significant discrepancy,
especially in the case of the estimator values of the displacement w. The input and output
histograms are presented in Fig. 5.7 and Fig. 5.8 respectively.

Table 5.3
Estimators for 37 generated realizations
Estimators Initial imperfection wy Displacement w
Expected value w/t -0.0044 -2.6203
Standard deviation &,,/¢ 1.6622 0.78530
Coefficient of variation y, -379.69 —2.9969
Coefficient of asymmetry y, —-0.03439 -1.1547
Coefficient of kurtosis y3 3.0417 3.2991

Comparing the results for the 37 generated and reduced realizations (see Fig. 5.6 and
Fig. 5.8) one can see that the advantages of applying the reduction algorithm are obvious.
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Fig. 5.3. Histogram of 37 generated initial imperfections w,
at the central point of the shell
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Fig. 5.8. 37generated realizations of degenerated field — histogram of the shell
central point displacement w for the load P,

It should be pointed out that in this example the solutions related to a few hundred
realizations of the degenerated field give an appropriate probability distribution (Fig. 5.4).
The reduction procedure for the degenerated field allows to minimize the calculations
without losing the estimators accuracy (see Fig. 5.2). However to get the proper histograms
of the probability distributions a much greater set of realizations should be analysed
(compare Fig. , Fig. 5.2 and Fig. ).

5.1.1.2. Two-dimensional random fields

In the second example the geometrical imperfections are described by the Wiener field
W(r,») (Eq. 3.29). This field is a prototype of the nonhomogeneous random fields.

The Wiener field defined on a regular mesh of 11x11 nodes is simulated according to
the method presented in Chapter 3. The mesh is consistent with the finite element
discretization of the shell structure, i.e. the random field is constant within the domain of
the element. Thus, it is described by the random variable representing the value of the field
at the element midpoint (see Chapter 2, and the work by Der Kiureghian and Ke 1988). The
field envelope is assumed in the range <-so(r,,r,), +so(r.,r,)>, where o(r.,r,) is
the standard deviation of the Wiener field calculated according to the formula (3.29) for
r,=r, and s =5 (see eq. 3.16). It is proved that for this range the density of the random
variable with the normal conditional truncated distribution is approximately equal to the
density of the random variable with the normal conditional distribution (see Jankowski and
Walukiewicz 1997). The value of the a parameter, constant for all realizations, is so
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assumed that the maximal simulated displacements do not exceed half of the shell thickness
(a*=0.096). The analysis of the simulation procedure errors, calculated according to
(3.33) and (3.34) formulas, is shown in Fig. 5.4. It is easy to note that the errors stabilize on
a relatively low level, starting from a few hundred realizations.

60
- S0 Generated realizations
i 40 — errors of estimators
g 30 rxxxx (GF of covariance matrix
LE 20 aesss GGE of variances
1 0000 LF of covariance matrix

0 2000 4000 6000 8000 10000
Number of realizations

Fig. 5.4. Errors of estimators of the Wiener field
with respect to the number of realizations

The Stratified Monte Carlo method is applied. In the case of two-dimensional random
fields the reduction algorithm consists of several steps (Bielewicz et al. 1985a and 1993).
First, the initial set of realizations VR is divided into classes of similar realizations. Three
classification parameters are assumed:

— the number of sign changes NCH,

— the Euclidean norm of positive values EP,

— the Euclidean norm of negative values EN.

The values of these parameters calculated for all the realizations form some intervals.

Next, the obtained intervals are divided into a number of subintervals which create sets
of classes (NC denotes the number of classes). Every class is described by one
representative random vector w. All representatives of classes constitute a reduced set of
realizations (NVRR denotes the number of reduced realizations). The numerical tests show
that NRR is much smaller than NC, as there is a considerable number of empty classes. In
the reduced set of realizations the representatives of the classes have the following
probability

N;

Pi=n (5.5)
where N, is the number of realizations belonging to the class i and NR is the number of all
realizations in the set.

The following formulas present the estimators of the mean value W, and the
covariance matrix K, (see Eqs (3.33) and (3.34)):

NC
W, = ZPiWi

i=l1
e (5.6)
Kr = Zpi(wi _Wi‘)(wi _Wr)T

i=l1

The reduction procedure adopted for 5000 realizations of the Wiener field is applied.
The error analysis of the obtained results is presented in Fig.5.5. The errors are
approximately the same as in the case of the generated realizations without the reduction
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procedure. While investigating the distributions of the generated and the reduced sets one can
notice some stable characteristics in the reduced fields. Fig. 5.6 illustrates the marginal
distributions of the norm of the negative values of the 54 generated and reduced realizations.

70 Initial set of 5000 realizations
__ 60 A ar2as  GE of generated covariance matrix
® 509 © wees LE of generated covariance matrix
:40 ‘\ . wexxx  GE of reduced covariance matrix
§ 3 S wxxxr [ F of reduced covariance matrix
i

0 200 400 600 800 1000 1200
Number of (reduced) realizations

Fig. 5.5. Errors in initial and reduced sets of the Wiener field realizations

0.5+
=0 4:-\\--- 54 reduced realizations (out of 5000)
e \ Reduction parameters: NCH=4, EP=7, EN=10
%0-3j \ —— 54 reduced realizations
© 0.2 N ---- 54 generated realizations
v 011 [ \ e jdealization of 54 reduced realizations
19
00 """ LN B R R I""I """ Trrorore -"l"-'.' """ TTTorTrrTer T 1
0 40 80 120 160 200 24 280

Norm of field negative values

Fig. 5.6. Marginal distribution for 54 generated and reduced realizations
of the Wiener field

To check the influence of the reduction magnitude on the results, two different
analyses for arbitrarily chosen 54 and 296 reduced realizations are performed. A
comparison of the obtained errors is presented in Table 5.4. It is easy to notice that only the
error of the matrix single element increases significantly.

Table 5.4
Errors of generated and reduced sets of the Wiener field realizations
Errors [%)] 5000 gengrated 296 _redyced 54 r_edu_ced
realizations realizations realizations
Global error (GE) of Kr 2.66 2.48 8.69
Error of variances of K, 1.92 3.80 4.60
Local error (LE) of K,. 4.06 32.75 72.05

As in the previous section, in each sample of the 54 and 296 reduced realizations the

displacement w at the central point of the shell, corresponding to the load level

P, =0.272P,,, is numerically obtained. The estimators of these calculations are presented

in Table 5.5, and their histograms in Fig. 5.7 and Fig. 5.8.
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Table 5.5
Estimators of the structure responses to 296 and 54 reduced realizations of the Wiener field
. 296 reduced 54 reduced
Estimators e o
realizations realizations
Expected value w -0.061993 -0.082622
Standard deviation &, 0.35960 0.34994
Coefficient of variation y, -5.8007 —4.2355
Coefficient of asymmetry , —-2.5892 —2.2777
Coefficient of kurtosis y3 11.214 9.3370
0.25 7 Frequency
296 reduced realizations
displacement w for P,=0.272 P,
Estimators: -
mean value w/lt=—0.0826
standard deviation @,/ = 0.3500
I""I"_""I-'.T—'nT."_'*"I""I""I""I
-25 -20 -15 -1.0 =05 0.0 0.5 1.0

Displacement w / ¢

Fig. 5.7. 296 reduced realizations of the Wiener field — histogram of the shell
central point displacement w for the load P,

0.20 7 Frequency
54 reduced realizations
Displacement w for P,=0.272 P, ]
Estimators: R
mean value w/lt=—0.0620
standard deviation 7,/ t = 0.3596
-25 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

Displacement w /¢

Fig. 5.8. 54 reduced realizations of the Wiener field — histogram of the shell
central point displacement w for the load P,

The results for the Wiener field indicate that its specific characteristics, especially
number of realizations with dominant positive or negative amplitudes, play an essential role
in the numerical analysis.

Comparison of the obtained histograms for the Wiener and the degenerated fields (see
Fig. and Fig. 5.7) shows that the influence of the type of the initial imperfections is
significant.
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5.1.1.3. Estimation of the structure reliability

In the previous Sections attention was focused on reduction methods of various two-
dimensional random fields. The calculation was performed for the specified value of the
load P,. In this Section a reliability analysis of the same shell is made. For this purpose,
using the simulated-based approach, a histogram of the critical load have to be obtained.

To this end the direct Monte Carlo method is applied. Three hundred initial
geometrical imperfections are under consideration. The two-dimensional degenerated
random fields are taken to study the input geometric imperfection (Bielewicz et al. 1994b).
In the numerical solution a double sinusoidal-like surface with a random amplitude has
been chosen. The transverse displacement of the middle point has been assumed as the
normal random variable: m, =0. D, =0.1667¢. As a consequence of this assumption
a histogram of the critical load is obtained (Fig. 5.9).
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Fig. 5.9. Histogram of the critical load and the probability distribution
of the compressive load

Next, the exact reliability of the model was calculated from the formula (4.1) using the
histogram. Allowance was made for the normal probability distribution of the compressive
loads, described by the mean value mp =0.3, and the standard deviation D, =0.03.
According to the level-3 method, the reliability equals

R® =Pr(N,, > P)=0.8887 (5.7)

It is also worth comparing the results with the formula of level-2 method Eq. (4.1). In
this case the reliability index § = 1.282 and

R® =Pr(N,, > P)=0.9001 (5.8)

Since R® <R, the example proves that the reliability of such structures should be
computed by use of the exact formula (level-3 method).



86 5. Two-dimensional random nonlinear models

5.1.2. Selection of the extreme input realizations

In Section 5.1.1 it has been shown that in the nonlinear structural model analysis, the
application of the direct Monte Carlo method is very difficult (the nonlinear calculations
require an enormous amount of time). By applying the stratified method a considerable
reduction of the calculation time is possible. In this Section, an alternative approach, which
gives a more radical reduction of the calculation time, is presented. To obtain the lower
bound of the critical load of the structure some characteristic random variable vectors are
selected from the generated set of realizations. These vectors can be characterized by:

— maximal or minimal random values in the set,

— maximal or minimal number of positive or negative random values,

— maximal or minimal mean value of the random vector,

— components which are close to an eigen-form of the relevant linearized operator,
— any other interesting features distinguishing the random vector from the set.

The selected vectors, as the initial data, describe the extreme, in some sense, structure
material variability. Using a finite element program a set of outcomes could be obtained.
On this basis one could estimate the structure response.

To illustrate this, a concrete, simply supported, uniformly compressed, shallow
cylindrical shell presented in Fig. 5.10 is analysed (see Chroscielewski et al. 1994).

E, =34000.0 MPa //// AP
e

v=0.2

0,9 =20 MPa
R=833 m
a=10 m
t=0.1 m

Proax =% 0,

max

A —load factor

Fig. 5.10. Simply supported axially compressed shallow shell

The material and geometrical nonlinearities are taken into consideration. For the
reason that only testing calculations are performed, the concrete is described by the elastic-
plastic material (the concrete cracking and the reinforcement are neglected). The number of
finite elements (IVEL) is assumed according to the number of the random field variable
values NEL = 11 x 11 =121, and in this way the midpoint discretization method is applied.

The shell response due to the material uncertainties is analysed. To describe the
material imperfections, the zero-mean fields characterized by the white noise N (r,a))
(Eq. (3.28)) and the homogeneous Shinozuka field S(r, @) (Eq.(3.31)) the correlation
functions are generated. For example, Carmeliet and Hens (1994) applied an alternative, a
three-parameters Weibull distribution function to describe the concrete initial damage
threshold. They also introduced two different length parameters: the characteristic length of
the nonlocal damage model and the correlation distance of the random field.

In this case, use is made of the method of generation of two-dimensional random fields
presented in Chapter 3. It should be pointed out that the white noise field does not impose
any correlations between the material parameters at different points of the structure. On the
other hand, the homogeneous (Shinozuka) field introduces not only such correlations, but
also relates them to the distance between the structure points. In concrete structures this
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feature seems to be of considerable importance. For every finite element / Young's modulus
E; and the yield stress o, are calculated according to the formulas:

E =E,(1+ f1X;)
Uyl = y0(1+f2Xi)

where E,, and o, are the expected values of Young's modulus and the yield stress, variables

X, are components of the generated random vectors, f, and f, are scaling factors:

(5.9)

5000.0 6.0
h=Tom] 2 ] (5.10)
[x [

where X™ is the extreme random value in the set. In this way the modulus E; and the
yield stresses o, for any finite element / are assumed to be:

29000.0 < E, 390000  [MPa]

5.11
140<0, <26.0 [MPa] G40

Due to the fact that Young's modulus E; and the yield stress o, are described by the
same random field, a full correlation between these parameters is introduced.

Six various characteristic — extreme in some sense — random vectors (three from each
field) are chosen from the generated sets of the white noise and the homogeneous
Shinozuka fields realizations. The selection has been made according to the minimal
random values in the set, the maximal number of negative random values, and the minimal
mean value of the random vector.

Using the BOX program (Chroscielewski 1983), the nonlinear post-buckling
calculations are performed. Force P of 1/5000th intensity of the reference load
(imperfection load) is applied to the centre of the shell in order to obtain the post-buckling
responses of the model. Two calculations are made for each realization: the transverse force
P, is directed upwards and downwards. The results are presented in Fig. 5.11 and Fig. 5.12.

- — —ideal shell (&), 0,,)
shells with material

03 variability
02 o Amax
0.1 °* Ay

-50 40 -30 -20 -1.0 0.0 1.0 20 3.0 40 50
displacement w [10 ™% m]

Fig. 5.11. White noise field — displacement w at the centre of the shell
versus load parameter A
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Fig. 5.12. The homogeneous (Shinozuka) field — displacement w at the centre of the shell
versus load parameter 1

Two characteristic points of the equilibrium paths are selected:
— the maximal value of P (i.e. 4,,, ) and the corresponding displacement w,
— the point where the shell responses change from elastic to plastic (4, w, ).
The results are presented in Table 5.6.
Some qualitative conclusions can be formulated as follows:
— the equilibrium paths are sensitive to the type of random fields (the white noise and the
homogeneous fields),
— the critical displacements w,, are highly sensitive to the type of material variability,

y

— the effect of randomness is smaller in the case of P, ,, (4,,.) calculations.

Table 5.6
Characteristic points on the equilibrium paths of the shell

Material Downward displacement Upward displacement

vereoly A 1 Ov’v22 m Ao 1 Otvz m A 1 Ov’vz‘ m Ao 1 OXVZ m
ideal shell 0.634 -4.89 0.682 -1.49 0.830 2.58 0.833 3.77
white noise 1 0.674 -1.69 0.674 -1.58 0.740 1.03 0.817 3.34
white noise 2 0.660 -3.53 0.689 -1.39 0.800 2.41 0.817 3.61
white noise 3 0.656 -3.62 0.692 -1.22 0.775 1.83 0.814 3.98
Shinozuka 1 0.657 -2.13 0.666 -1.26 0.680 0.97 0.716 2.88
Shinozuka 2 0.670 -4.73 0.737 -0.98 0.780 1.69 0.839 4.34
Shinozuka 3 0.658 -1.20 0.659 -1.37 0.700 0.86 0.752 2.35

On the basis of these outcomes, the shell model reliability could be estimated for
engineering purposes. In the case under consideration the normal cumulative distribution
function of the load Fp(x) with mp =0.300, Dp=0.1 is assumed. Taking the value
min(A =0.659 from Table 5.6 and using formula (2.1) the equation takes the form

max )
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min R = [ F, (x)8(x-0.659)dx = F, (0.659) =
o (5.12)

l+ erf(—0'659 _0'30()) =0.99983
0.100

The proposition of a selection of a characteristic (extreme) sample and the application
of formula (5.12) seems to be useful in reliability assessments.

5.2. Convergence analysis of the output results

This Chapter is connected with an alternative version of random input data reduction
in the simulation-based approach.

The input data are transformed by a nonlinear operator (according to Eq. 1.1) into
description of the limit state of the structure. The method of the analysis of these random
output results differs significantly from the statistical analysis of the random input data
presented in Chapter 5.1. The analytical solutions of the stochastic nonlinear problems are
unknown. A comparative analysis of the output results obtained from different numbers of
realizations seems to be the only way for the convergence assessment. Such calculations are
frequently applied. For example, Aratjo (2001) used this method for probabilistic
description of reinforced concrete columns. The analysis has proved that only 200 Monte
Carlo samples are sufficient to obtain satisfactory results. In similar calculations made by
Mirza (1998) related to some eccentrically loaded concrete columns, 500 samples were
taken into account. Also in Bhattacharyya and Chakraborty (2002) and Chakraborty and
Dey (1999) analogous analyses are applied to compute the response sensitivity concerning
uncertainties in the structural parameters. In the case of plane stress and plate bending
problems about 200 +~ 300 samples have proved to be sufficient to achieve the satisfactory
results. Carmeliet and Hens (1994) used 200 Monte Carlo samples of initial damage
thresholds to obtain the tensile strength distribution for concrete beams in three-point
bending tests. In their study no use was made of convergence analysis of the results.
However Jeong and Shenoi (2000) applied as many as 1000 samples to estimate the
reliability of fibre reinforced plastic laminated plates. There, the sensitivity of the basic
design variables have also been included in their calculation.

In the above mentioned works no systematic convergence analyses have been
performed. It is obvious that the choice of convergence to describe the numerical results
influences the results. Thus, the following statistical formulas are proposed:

L
Ay =WZN;, 2<NR<NR_,.
. _LNR AT
MR "=1(Ncr ™) (5.13)
K] = r (..
. 1 NR T 1 NR
— > (W, —W)(w; W), W=—

" T NR-1<
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where: NR — number of realizations, w; — dlsplacement vector related to the critical force
N!., W — the mean vector of dlsplacements w;, 7y — expected values and Dy —
standard deviation of the critical load force X, K — covariance matrix estimators of the
displacement vector w related to forces N,,., T[K || — the norm of covariance matrix K,

Using the above equations the convergence of the numerical calculations can be
checked. When the fluctuation of the estimated values of my, D, and ||K|| are
meaningless it is possible to assume that the analysed set of sampling is sufficient. Thus,
the maximal number of realization NR,,, depends on the progress of the nonlinear
calculation of the structure under consideration. This form of the accuracy assessment of
the sampling can be additionally verified by comparing the histograms of the limit loads for
the chosen number of realizations.

It seems rational to assume that in engineering applications the convergence analysis

can be limited only to the output results.

5.2.1. Random fields described by one random variable

In the following the proposed convergence analysis of structure reliability calculations
is examined in detail. For this purpose, once more, a simply supported, uniformly
compressed, shallow cylindrical shell (Fig. 5.13) is considered.

N =1 N o - first critical points
: on the equilibrium paths

N/]vmax
b)d.%f> wlt

Fig. 5.13. Model of a simply supported shallow cylindrical shell (a)
and equilibrium paths at the middle point of the shell (b)

An extensive analysis of a similar problem, i.e. critical load estimation of compressed
cylindrical shells with random imperfections, has been provided by Arbocz and his co-
workers (see for example Arbocz 2000, Arbocz and Hol 1991, and 1995, Arbocz and
Starnes 2002, Cederbaum and Arbocz 1996a, 1996b and 1997, and many others).

In the present analysis the shell is composed of an ideal elastic-plastic material. The
following data are assumed to be the deterministic values: E = 2.1x10° MPa, v=0.3,
0, =250 MPa, a/R=0.12, t/R=0.00036 and N, =axixo,. Parameters £ and v
describe Young modulus and Poisson coefficient respectively and o, stands for the
material yield stress value.

The shell geometric imperfection fields w(x,y) are described by double sinusoidal-
like surfaces with random amplitudes w, (see Fig. 5.13a) defined as:

— arandom variable with the uniform probability density function (section 6.1.1),
— a minimum, and a maximum value selected from a set of three uniform random
variables (section 6.1.2).
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5.2.1.1. Direct Monte Carlo method

First, the initial transverse displacement w; at the middle point of the shell is assumed
as the uniform random variable from the following range: —2¢ < w, <2¢. The mean value
and the standard deviations are: m,, =0 and D, =1.16¢.

In this case the accuracy analysis is restricted to the output level. Using the direct
Monte Carlo method, it is necessary to assume the minimum number of realizations
describing properly the mechanical behaviour of the shell model. To achieve this, the
expected values iy, the standard deviations of the limit compressive force Dy, and the
norm of covariance matrix estimators ||K|| (Eq. (5.13)) of the displacement vector w
related to the forces N, are checked in every realization (Fig. 5.14).
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0.8 N 014 w x x
' 012 O0—0—0 expected values
06 0.10 h o—0—= Standard deviations_|
0.08'%5%%0,:, ro
04 0.06 {-O~OF OO OO OO OO0 OO0~ OHO=0m0=0-0-CH
' 0.04
02 0.02
0.00
J 0 30 60 20 120 150
ood 1 1 | ] NR
0 30 60 90 120 150
NR

Fig. 5.14. Uniform random variable — estimators of critical load characteristics
vs. the number of realizations

It is easy to notice that the expected values of the critical load, the standard deviations,
and the norm of covariance matrices stabilize approximately above 50 realizations. The
histograms of the critical compressive loads for 50 and 150 realizations of initial
imperfections are presented in Fig. 5.15. The results for NR_, =150 can therefore be
assumed as an adequate solution. The analysis has proved that an engineering sound
solution can be obtained on the basis of the first 50 realizations.

On the basis of the obtained histograms the reliability of the shell model can be
calculated. The uniform probability distribution of the compressive load P (Fig. 5.15) is
taken into account. According to the level-3 formula (2.1) and on achieving an exact
integration, the following values of reliability for a different number of realizations are
calculated:

NR = 50: % =Pr(N,, > P)=0.8467 (5.14)

NR = 150: ) =Pr(N, > P)=0.8778 (5.15)

ni

A change of these values is rather small and the shapes of both histograms are similar.
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Fig. 5.15. Histograms of the critical load for NR = 50 and NR = 150 realizations of the initial
imperfections and the probability distribution of the compressive load P
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5.2.1.2. Interval of structure reliability

In the second part of the analysis the geometric imperfections are described by
minimal and maximal values chosen from a set of three uniform variables (see Chapter 4).
The sets of random variables are obtained with the help of the cumulative distribution
functions (4.21) and (4.22) where function F(x) is characterized by the uniform
distribution and the exponent is taken as n=3. The exact analytical cumulative
distributions of the random variables defined for the interval (0, 1) are presented in
Fig. 5.16 (solid lines).

For a uniform random variable the mean value m is equal to 0.5 and the standard
deviations D = 0.288. With respect to the minimum value selection and n =3, m,,;, =0.25
and D, =0.194. For the maximum value selection m,, =0.75 and D, =0.194.
Taking n >3 the above probability distributions will tend to the deterministic values of 0
and 1, respectively. Comparing the minimum and the maximum distribution estimators for
n =3, a medium value of the random effect is expected.

In the numerical procedure three variables are automatically generated and the
maximum and minimum values are selected. The distributions obtained for 50, 150 and
1000 random values are presented in Fig. 5.16 (dashed lines). It is easy to notice that a
satisfactory description of the minimum and maximum random variables can be obtained
when the number of realizations is greater than 150. The initial transverse displacements
w, at the middle point of the shell calculated in this way are characterized by the mean
value m,, =0 and the standard deviations D,, =1.16¢.
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Fig. 5.16. Cumulative distribution functions of the maximum and minimum values

The calculation convergence analysis is restricted to the output level. Using the
simulation-based approach, it is necessary to assume the minimum number of realizations
describing properly the mechanical behaviour of the shell model. To achieve this, the
expected values 7y , the standard deviations of the limit compressive force Dy , and the
norm of covariance matrix estimators ||K|| of the displacement vector w related to forces
N,, are checked in every realization (see Eq. (5.13)).

The results of these calculations in the case of the minimum value selection input of
three random variables are presented in Fig. 5.17. The convergence of the critical force
estimators is noticeable. Differences between the estimators calculated for 120 up to 200
realizations are meaningless. It can be questionable if the engineering sound solution is
obtained on the basis of the first 200 realizations.
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Fig. 5.17. Minimum of 3 random variables — estimators of critical load characteristics
vs. numbers of realizations
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Formulas (5.13) concern the accuracy of the displacement vector in relation to the
number of realizations treated as a basic step in the study. The result of this analysis can
additionally be verified by the probability distribution calculation of the limit load used in
the reliability estimation of the shell model. To illustrate this appropriate histograms for
150 and 200 realizations of minimum selection of three random variables are compared in
Fig. 5.18. The results are almost identical.
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Fig. 5.18. Histograms of the critical loads for 150 and 200 realizations

With regard to the maximum value selection of three random variables, the critical
force estimators become much more stabilized and only 150 realizations are needed to
obtain a satisfactory stabilized solution (Fig. 5.19).
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Fig. 5.19. Maxima of 3 random variables — estimators of critical load characteristics
vs. the number of realizations
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The histograms of the critical loads for the minimum and maximum value selection of
three random variables of the initial imperfections are presented in Fig. 5.20. Making use of
these results the reliability of the shell model can be calculated. A uniform probability

distribution of compressive load P is assumed (Fig. 5.20).
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Fig. 5.20. Histograms of the critical loads for the minimum and maximum of three sets
of random variables and probability distributions of the compressive load

The reliability for minimum and maximum sets of random variables has been

calculated

R =Pr(N,, > P)=0.857

min

R —Pr(N, > P)=0.999

max

These values form an estimated interval of the shell reliability:

0.857 <R <0.999

5.2.2. Two-dimensional random field

(5.16)

(5.17)

(5.18)

The above results a worthy of comparison with a more realistic field of continuous
imperfections. To this end the following two-dimensional random field describing the

geometric imperfections is assumed:

w(x,y)= W[l +aﬂ(x,y)]

(5.19)

where w is the expected value of the geometric imperfection, « is the coefficient of
variation, and f(x,y) stands for the normalized homogeneous random field. The
homogeneous field is described by the following correlation function:
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K, (x,p)=e " (1+2,A0) e (1+2,47) (5.20)

The field point distances for the mesh discretization (20 x 20 elements) are
Ax =Ay =a/20, where a is the shell length (see Fig. 5.13). The decay coefficients are
A, =4, =5, which means that the correlation between the field points is significant in the
range of one quarter of the shell.

The method of generating the two-dimensional random fields presented in Chapter 3 is
applied.

The finite element method imposes the field discretization that can significantly
influence the results. To reduce the effect of the element mesh dimensions the procedure of
local averages of the random fields proposed by Vanmarcke (1983) is adopted. The
appropriate functions of variances D,, and covariances K, of the homogeneous field
(5.20) are (Knabe et al. 1998):

2 -, 3 - 2 A 3 .
D, (Ax,Ay) = e {2+e Am_w(l_e axm)}m{zw 4,4y _M(l_e /‘{}Ay):l
(5.21)
lv
K, (Ax,Ay)= ( e «“)2 {[cos (4, Ax) - sin(2,Ax) ]+ 24, Ax 1}
A Ax
A, Ay (522)
(:T)z{[cos</1yAy)—sin</1yAy)]+2/1yAy—1}
VA

The critical forces are calculated for 50 simulated realizations of the imperfection
field. The resultant estimators and the critical force histogram are presented in Fig. 5.21 and
Fig. 5.22 respectively. With this in view the reliability becomes

R, =Pr(N,, > P)=0.950 (5.23)
It belongs to the calculated reliability range (5.18).
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Fig. 5.21. Estimators of critical load characteristics vs. the number of realizations —
the homogeneous field of imperfections
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Fig. 5.22. Histogram of the critical load for random field of imperfection
and distribution of the compressive load

The analysis of estimators shows that 50 realizations of the homogeneous field of
imperfections are a sufficient number of samples for the shell model under consideration.
One can notice that the shape of the critical force histogram (Fig. 5.22) corresponds to the
histogram obtained for a minimum selection of three random variable distributions
(Fig. 5.20).

It should be pointed out that the numerical calculations of the shell with imperfections
described by a two-dimensional field are extremely laborious compared with the
description by a single random variable. In the last case the finite element calculations are
performed only for one quarter of the shell and the nonlinear incremental solution is much
more stabilized.

Moreover a stiffening behaviour of the shell with a two-dimensional random field is
observed. It is worth mentioning that this stiffening behaviour was also confirmed by
Papadopoulos and Papadrakakis (2004) and by Deml and Wunderlich (1997) in shells with
small slenderness and large imperfection amplitudes. The stiffening behaviour makes the
calculation extremely difficult.

For this reason the reliability calculations using the simulation-based approach and the
interval estimation seem to be a better solution to assess the reliability of the nonlinear
models of shells and similar complex structures.



Chapter 6

IDENTIFICATION OF GEOMETRIC IMPERFECTIONS

It is well known that the effect of structural geometric imperfections can dramatically
decrease the nominal load carrying capacity of engineering structures (Arbocz and Starnes
2002, Khamlichi et al. 2004, Papadopoulos and Papadrakakis 2004). An analysis of these
imperfections can improve the design process (Arbocz 1998) but it is difficult and
expensive to measure them in situ or by laboratory models, specially in the case of two-
dimensional structures, like plates and shells. Moreover, the degree of the imperfection
sensitivity depends not only on the magnitude but also on the shape of the initial
imperfections (Arbocz and Starnes 2002). For example, it is not sufficient to check the shell
surface for the maximum imperfection amplitude by carrying out selected circumference or
axial measurement scans. A complete surface map of the measured structure should be
provided. Papadimitriou et al. (2001) showed that the structural reliability computed before
and after using additional dynamics data could differ significantly. Therefore, the measured
response of a structure, whenever available, should be used to update its reliability.

Comprehensive numerical analyses of this problem can be found, for example, in
Schenk and Schuéller (2003) where buckling behaviour of cylindrical shells with random
geometric imperfections is examined. A concept of the numerical prediction of a large
scatter in the limit load observed in experiments using the direct Monte Carlo method, the
simulation technique, and the nonlinear finite element method is introduced. The geometric
imperfections are modelled as a two dimensional, Gaussian stochastic process with
prescribed second moment characteristics based on data bank of the measured
imperfections. The tests are aided by the Karhunen-Loéve expansion method. Owing to this
it is possible to give the second moment characteristics of the limit load.

Stefanou and Papadrakakis (2004) presented a stochastic triangular shell element in
the case of combined uncertain material (Young’s modulus and the Poisson ratio) and
geometric (thickness) properties. The properties are described by uncorrelated two
dimensional homogeneous stochastic fields. The spectral description of the random fields in
conjunction with the Monte Carlo simulation is used for the computation variability. Two
examples are analysed, the Scordelis-Lo roof and a hyperboloid shell. In Papadopoulos and
Papadrakakis (2004) using the same methodology a parametric study is performed to
evaluate of the sensitivity of the buckling load of a cylindrical panel to the amplitude and
the shape of the initial imperfections. One- and two-dimensional stochastic imperfections of
shapes, the modulus of elasticity and the shell thickness are introduced individually or in
combination. The influence of the shape and magnitude of the imperfections on the form
and magnitude of the distributions of the panel buckling loads is investigated. In the case of
one-dimensional combined imperfections a drastic reduction of about 50% of the mean
value of the buckling load is observed, whereas in two-dimensional combined
imperfections such a reduction has not been proved and the buckling load remains the same
and is almost equal to the buckling load of a perfect shell.

With regards to compressed cylindrical shells a reliability based knockdown factor is
derived to describe the allowable load applied (Arbocz and Starnes 2002). It can replace the
empirical knockdown factor so chosen that when multiplied by the calculated perfect shell
buckling load, a “lower bound” relating to all existing experimental data is obtained.
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In this Chapter two real engineering structures are considered (Gorski 2001a, b, and c,
Gorski and Jasina 2001a and b, and Gorski and Mikulski 2005). The first one concerns the
analysis of the measured discrepancies obtained for cylindrical vertical tanks. The second
deals with the geometric imperfections of longitudinally stiffened ship’s hull panels. The
simulation technique presented in Section 3 is used to generate the initial geometric
imperfections. In both cases the estimators of the obtained realizations of the imperfections
are compared with the test data.

The following problems are discussed:

— identification of random fields of structure imperfections on the basis of experimental data,

— simulation of large random fields describing the tank imperfections as an illustration of
circular data (see Fisher 1993 or Watson 1983),

— simulation of random fields of imperfections bounded by envelope which model the —
specific structure shape and the boundary conditions of plates with ribs,

— the influence of the initial geometric imperfections on the numerical results.

6.1. Random imperfections of cylindrical vertical tanks

In Orlik (1976) a detail description of cylindrical vertical tank discrepancies can be
found. Nine sets of measured in situ imperfections of tanks of ¥ = 5000+ 50000 m’
capacity were analysed (see Table 6.1, Fig. 6.1 and Fig. 6.2). The tank basic statistic
parameters, i.e. mean values, standard deviations, and maximal values of the initial
geometric imperfections are presented in Table 6.2. It is easy to notice that the
discrepancies between the parameters are significant. Only the first two tank imperfections
are similar (compare also Fig. 6.1a and b). Even in the case of tanks nos. 3 and 4, the
dimensions of which are the same as in the first two, the initial discrepancies differ
evidently. The differences result from the tank dimension, the construction method used
and the precision of the tank assembly. The last reason seems to be the most important.

Table 6.1
Cylindrical vertical tank data (Orlik 1976)

Mesh Nos. of Nos. of | Nos. of
Tank V| Diameter | Height Tank assembly . . : points points
3 dimension | measure-

no. [m7] d[m] h[m] method [mm ing point along along

9p perimeter | height
1 5000| 23.75 11.98 rolled strike 396x750 3232 202 17
2 5000| 23.75 11.98 rolled strike 396x750 3232 202 17
3 5000| 23.75 11.98 rolled strike 396x750 3030 202 15
4 5000| 24.50 11.80 | sheets, hand welding | 4810x1500 128 16 9
5 13000 36.58 13.45 | sheets, hand welding | 442x750 168 12 14
6 | 30000| 49.50 16.44 | sheets, hand welding | 370x1500 3780 420 9
7 30000| 49.50 16.44 | sheets, hand welding | 5981x750 572 26 22
8 | 32000| 54.10 14.40 | sheets, hand welding | 6060x800 448 28 16

sheets, automatic

9 |50000| 65.00 18.01 welding 400x1500 5100 510 10
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6. Identification of geometric imperfections

made of these data including identification and simulation of the geometric imperfection
maps. The effect of the tank side discrepancies on the numerical results is also analysed.

Table 6.2
Measured initial geometric imperfections of tanks — statistical parameters
Tank d Mean value St. dev. max —_ max
no. | m | ¥ m R ould | x|
1 [11.875 | -0.763x102| 0.233x10" 0.159 | -0.643x10°| 0.197x102 | 0.134x10”"
2 |11.875 | -0.988x102| 0.240x10" 0.163 | -0.832x10°| 0.202x102 | 0.137x10”"
3 |11.875 | -0.485x1072| 0.153x10" 0.110 -0.408x107%| 0.129x1072 | 0.926x1072
4 12250 | -0.216x10°"| 0.213x10™ 0.075 -0.176x10%| 0.173x1072 | 0.612x1072
5 |[17.790 | -0.994x10°| 0.329x10" 0.139 | -0.559x10*| 0.185x102 | 0.781x107?
6 |24.750 | -0.361x1072| 0.302x10™ 0.167 -0.146x107%| 0.122x1072 | 0.675x1072
7 |24.750 | 0.118x107"| 0.252x10" 0.097 0.476x10%| 0.101x102 | 0.392x102
8 |[27.005 | 0.297x10?| 0.278x10™ 0.108 0.110x107%| 0.103x1072 | 0.400x1072
9 32500 | 0.109x1072| 0.491x10"' 0.226 0.334x10%| 0.151x102 | 0.696x1072
6.1.1. Identification of the measured geometric imperfections

Examining the shapes of the initial geometric imperfection fields (see Fig. 6.1,
Fig. 6.2, and Table 6.2) it is easy to describe them as accidental or even chaotic. Thus, only
probabilistic methods can define these fields properly.

The tank side surface discrepancies can be considered in terms of a two-dimensional
scalar random field described by a probability density function. The choice of this function
can significantly influence the results. According to the analysis presented by Wilde (1981)
and Orlik (1976) the following hypothesis can be put forward:

— the stochastic process is stationary and ergodic,
— the random variables can be described by a Gaussian probability density function.

Using the above assumption, and taking into consideration the essential features of the
imperfection fields, the following nonhomogeneous correlation function is formulated:

(6.1)

where: y,, y,, z;, z, are the point coordinates (see Fig. 6.1), constants «, @, f, and y
are the correlation coefficients, and # denotes the tank height.

The first term @z z,h > determines a linear change of the standard deviations
o, = Jaz/n along the vertical line with zero value at the tank bottom and maximum at the
top. The element cos@(y, —y,;) assumes that the random variables permute along the
perimeter according to the cosine function. The last term, exp(—/f | Yy — y1| 4 |22 -z |)
describes how fast the correlation between the neighbouring points vanishes, in horizontal
and vertical directions.

The correlation function parameters o, ®, [, and y are estimated on the basis of
the measured data. Only the imperfection fields of tanks nos. 1+3 (¥ =5000 m®), no. 6
(V" =30000 m’ ), and no. 9 (¥ =50000 m3) were measured using fine meshes (see Fig. 6.1
and Fig. 6.2 or Table 6.1). Thus, the five data sets were used to determine the constants of
Eq. (6.1). The assumption that the random field of imperfections is ergodic, makes it

K(y19y2’21’22) = 052122”2 COS((‘)()’z N ))exp(—ﬂ|y2 _Y1|_7|Zz _Z1|)
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possible to analyse not single (the measured) but hundreds of realizations. For example, in
the first case (tank no. 1), as the imperfection values are given in 202 vertical lines, the
same number of field realizations can be considered. For the reason that 16 points were
measured along the vertical line the dimension of the random vector x; equals 16 x 202 =
= 3232. The global experimental covariance matrix K, (size 3232 x 3232) of the measured
imperfection field was obtained according to the following statistical formulas:
NR NR
LS (x-%)(x %), x=-

= 6.2
TR (62)

—Y'x;
NR 3
where x; is the measured imperfection vector, NR is the number of realizations, and X
represents the mean value of the imperfection vector x; (i =1, ... NR). Making use of the
calculated matrix K, (6.2) the parameters of the correlation function (6.1) are determined
by the standard regression analysis (Schaefer and Anderson 1989).

First, the minimal dimension of the covariance matrix needed to calculate the
correlation parameters (6.1) is determined. For this purpose only the data of tank no. 1 are
analysed. Three different sizes of random imperfection vectors x; being equal to 16 x 16,
16 x32, and 16 x 50 are taken into consideration. It should be pointed out that the number
of the measured horizontal lines is 16, and because of that the vectors differ only in the
number of the vertical lines which were included in the calculations. The results are
presented in Table 6.3. It has been assumed that the random vector x; of dimension 16 x 16
is sufficient for the calculations. This simplification has significantly reduced the time of
the regression analysis.

Table 6.3
Tank no. 1 — determination of the correlation parameters and the size of the covariance matrix
X, K, Correlation parameters Errors
size size a w B ¥ G,, v,

16 x 16 256 x 256 | 0.000716 0.317389 0.175900 0.058001 4.54 26.88
16 x 32 512 x 512 | 0.000666 0.342336 0.112336 0.045077 5.93 31.99
16 x 50 800 x 800 | 0.000655 0.350614 0.113872 0.037591 7.28 32.82

In Table 6.3 the following definitions of the global G,. and variances V,. errors
enable to compare the experimental covariance matrix K, with its estimator K,

G, (K. K,) :‘"Ke”"%xm% (6.3)

where ||K|| = ,/tr(K)2 is the Euclidean norm. The error of variances V,, of the covariance

matrix 1s also used:
V(kk):ﬁﬁil%um% (6.4)

where k;; denotes the diagonal element of the covariance matrix.
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Inserting the parameters presented in Table 6.3 to the correlation function (6.1), the
covariance matrix estimator K, and its errors (6.3) and (6.4) can be obtained. Comparing
the errors one can observe that they are bigger in the case of finer meshes calculations. It
should be pointed out that taking into consideration more elements of the covariance matrix
(i.e. more vertical line of the measured discrepancies) the experimental correlations (6.2)
are also more complicated and the function (6.1) seems to be too elementary. Nevertheless,
the obtained results could be considered as acceptable.

A graphical representation of the experimental covariance matrix values and their
estimator are given in Fig. 6.3. Only the correlations between the points along the selected
horizontal line (z =6 m) are provided. The plots show that the scattered pattern of
imperfections has been modelled accurately.
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Fig. 6.3. Graphical representation of identified correlation matrix of imperfection field

Using the same approach identical calculations of the correlation parameters for the
tanks nos. 2, 3, 6 and 9 are performed. The results are presented in Table 6.4. Only the first
two sets of parameters describing the discrepancies for the tank no. 1 and no. 2 are similar.
The results confirm the conclusions formulated after analysing the measured data (see
Table 6.2). It is obvious that the characteristics of geometric imperfections vary depending
on different dimension tanks. Also the difference between the tanks of the same capacity
(tanks nos. 1 + 2 and no. 3) can be easily predicted. Comparing Fig. 6.1a, b, and ¢ one can
notice that tank no. 3 was built much more precisely.

Table 6.4
Correlation parameters of the covariance function
Tank | Random vector Correlation parameters of Eq. (6.1) Errors

no. X; dimension o W B y G V.

1 16 x 16 0.000716 | 0.317389 | 0.175900 | 0.058001 4.49 26.84

2 16 x 16 0.000707 | 0.329261 0.163659 | 0.050385 3.04 29.00

3 16 x 16 0.000533 | 0.421175 | 0.113103 | 0.098789 8.25 15.75

6 28 x9 0.001397 | 0.154658 | 0.061831 -0.00861 1.84 22.21

9 26 x 10 0.005234 | 0.134896 | 0.040879 | 0.001564 0.78 6.40

The same correlation coefficient estimation can be made in the case of the limited
measured data, i.e. for tanks nos. 4, 5, 7, and 8. For example, using the data of tank no. 4
(see Fig. 6.1d) the following parameter values have been obtained:
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a=0.013612, @ =0.299437, B =0.062983, » =-0.009868 (6.5)
The associated global and local errors are:
G, =1651%, V, =448% (6.6)

In this case the calculations were performed with the help of the all available data (mesh
9 x 15, 128 measured points). Despite the fact that tank no. 4 (capacity = 5000 m?) is almost
identical to tanks 1 + 3 the results differ significantly (compare parameters (6.5) and Table 6.4).
The differences result mainly from the limited data used in the calculations, i.e. 15 vertical lines
in tank no. 4, and 202 in the case of tank no. 1. The differences in the initial imperfection shapes
and magnitudes (see Fig. 6.1a, d, and Table 6.2) seem to have minor influence.

To indicate the effect of the number of the measured imperfections on the correlation
parameter values an additional simple analysis has been performed. The measured data of
tank no. 1 have been reduced in such a way that their size is close to the data of tank no. 4,
i.e. 8x17=136 points. On this basis the following correlation parameters have been
estimated:

o =0.009893, @ =0.335382, [£=0.024198, y=-0.013186 (6.7)

As expected the results differ significantly from those obtained for the 16x202
measured points of tank no. 1 (see Table 6.3). Thus the imperfection data for tanks 4, 7, 8,
and 9 seem to be insufficient to describe the random fields properly. The method of
identification of the imperfection fields on the basis of limited data is an open problem.

The analysis makes it possible to formulate the following conclusions:

— the number of the imperfection measuring points depends on the quality of the tank
assembly,

— the data necessary for the adequate definition of the random field of imperfections
depend more on precisely measurement of a limited part of the tank (for example one
quarter) than the entire tank side using a rough mesh.

It is important to decide if it is possible to establish a general rule describing the
relation between the tank dimensions and the correlation parameters. To this end the
parameter values (Table 6.4) are presented versus the tank perimeters (see Fig. 6.4a).

= 28 J Correlation coefficients € 28 J Correlation coefficients
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Fig. 6.4. Correlation coefficients (Eq. (6.1)) vs. tank diameter (see Table 6.4)
a) discrete values, b) described by functions (regression analysis)
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Analysing the graph (Fig. 6.4a) and taking into consideration the statistic data
presented in Table 6.2 one can notice that the available data are too scattered to build a
reliable general expression describing the random field of the tank imperfections. Only a
draft formula can be estimated. For this purpose the standard regression analysis is
applied. The first coefficient & (Eq. (6.1)) is described with the help of an exponential
function, and coefficients w, £ and ) are defined be straight lines (see Fig. 6.4b):

o= 0.006733-exp(0.091963-d)
® =-0.005894-d +0.491321

P =-0.002876-d +0.218356
y =-0.001931-d +0.112063

(6.8)

where d is the tank diameter.

It should be stressed that the formulas (6.8) cannot be recommended as general ones.
The correlation should be built as a function not only of the tank diameters but also of such
parameters as the standard deviations of imperfections, their extreme values, coefficients
which describe the tank assemble method, and other available data. Thus, the formulas (6.8)
are only the first approximations. They can be improved when new data are included in the
calculations (for example, Kowalski 2004).

But in spite of the conclusion the presented identification analysis can be utilized for
generation of random imperfection fields to be used in the numerical calculation of petrol
vertical tanks.

6.1.2. Envelopes of the tank geometric imperfections

It is possible is to assume the correlation function as an envelope of the extreme
imperfections. For this purpose the standard deviations of the tank discrepancies for each
horizontal level are calculated and plotted (see Table 6.5 and Fig. 6.5). Examining these
data it is easy to notice that the tank side discrepancies start from the bottom and their
values indicate the same order as the imperfections measured at higher levels. Therefore,
the simplest solution is to approximate the standard deviation to a parabolic function

o= JE\/% (6.9)

Then, the correlation function of the imperfection field takes the form

K(y],yz,zl,zz)=a\/21\/%cosa)(y2 —yl)xexp(—ﬂ|y2 _J’1|_7|22 _Zl|) (6.10)

The correlation coefficient o is assumed in such a way that the standard deviation
value at the top of the tank is increased by 10%. Thus, in the case of tank no. 1
Ja =0.0364 and its graph is presented in Fig. 6.5a. Fig. 6.5b presents the normalized
envelope for all available tank data. The results have proved that the adopted envelope in
the parabolic shape describes precisely all the possible maximal discrepancies of
imperfections. The values of the other correlation parameters w, £, and y (see Eq.
(6.10)) have not been changed (Table 6.4).
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Table 6.5
Tank no. 1 — statistical description of the geometric imperfections along the horizontal lines
Horizontal Mean value Maximal | Minimal | Extreme Standard
lines no z[m] % [m] value value value deviation Xexir | Oy
’ Xmax [m] Xmin [m] Xextr [m] Oy [m]
1 0.7488 | —-0.12426x107° 0.021 —-0.033 0.03176 0.006978 4.5511
2 1.4975 0.44752x1072 0.032 —0.021 0.02753 0.008445 3.2591
3 2.2462 0.24752x10™* 0.033 —-0.026 0.03298 0.009406 3.5052
4 2.9950 0.48515x1072 0.030 —-0.025 0.02515 0.010194 2.4670
5 3.7438 | -0.15990x107° 0.021 —-0.033 0.03140 0.006960 4.5117
6 4.4925 | -0.14406x107? 0.029 —-0.034 0.03256 0.011226 2.9003
7 5.2412 0.32228x1072 0.035 —-0.034 0.03178 0.013185 2.4101
8 5.9900 | -0.27079x107° 0.026 —0.045 0.04230 0.015669 2.6991
9 6.7388 0.14109x1072 0.043 —-0.052 0.05059 0.017939 2.8201
10 7.4875 | —-0.63960x107° 0.030 -0.065 0.05860 0.019059 3.0749
11 8.2363 | —0.30248x107° 0.040 -0.074 0.07098 0.022272 3.1867
12 8.9850 | —-0.94257x107° 0.035 —-0.092 0.08257 0.023256 3.5507
13 9.7338 | -0.61238x107° 0.038 —-0.080 0.07388 0.024531 3.0115
14 10.482 | -0.35752x10"" 0.013 -0.123 0.08725 0.025896 3.3692
15 11.231 | -0.30460x10"" 0.034 -0.136 0.10554 0.028299 3.7295
16 11.980 | -0.37941x10" 0.041 -0.159 0.12106 0.033137 3.6533
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Fig. 6.5. Standard deviations of vertical tanks calculated separately for each level

The proposed correlation functions (6.1) and (6.10), and the estimated values of the
parameters «, ®, [, and y make it possible to generate the vertical tank geometric
imperfections.

6.1.3. Generation of the measured tank imperfections

The generation process is presented using the data of tank no. 1. Two cases are
analysed, i.e. generation of the measured imperfections as precisely as possible, and
generation of maximal imperfection values but still possible in the engineering sense.
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Having the correlation function (6.1) and the estimated constants (see Table 6.4) the
imperfection field can be numerically simulated. According to the method of generation
presented in Chapter 3 the values of the random field — the lower (a;) and the upper
boundary (5;) — have to be defined for each mesh point i. The parameters determine the
theoretical maximum value of the imperfections and they should be related to their standard
deviations. Since the imperfection field is assumed as ergodic the same boundary values are
assigned to each horizontal line. To estimate them the imperfection mean values and
standard deviations presented in Table 6.5 are analysed, once more.

The discrepancies between the magnitude of the extreme imperfection related to the
standard deviation o, /x., reach from 2.4101 (the 7th line) to 4.5511 (bottom line) and
their average equals 3.294 (see Table 6.5).

The same calculations have been performed for all data (9 tanks). The extreme
imperfections concerning their standard deviations are presented in Table 6.6. They
appeared on the different tank levels (z/4 in Table 6.6). Only in two cases the extreme
values occurred on the tank edges (tank nos. 6 and 7). The maximal value

0,/ Xexe = 4.7730 appeared in tank no. 9 (¥ = 50000 m*).
Table 6.6
Statistical description of the geometric imperfection along the horizontal lines
Extreme values Tank edge
Tank no

z/h Yoxir | Oy Yoxir | Ox
1 0.0625 4.5511 3.6533
2 0.1250 4.5764 3.56357
3 0.7333 3.8638 3.3294
4 0.3750 2.3853 1.6780
5 0.8571 2.5232 2.3843
6 1.0000 3.6732 3.6732
7 1.0000 2.6984 2.6984
8 0.0625 3.3931 2.4055
9 0.1000 4.7730 2.8431

The means: 3.6042 2.9112

Analysing the data presented in Table 6.5 and 6.6, it is appropriate to assume the
following values for the random field boundary:

a;, by =*so; =150, (6.11)

1 1

where o; is the standard deviation at point i (see Eq.(6.1)) and s is the truncation parameter
(see Eq. (3.28))

0= K (v 2z =azih? (6.12)

The boundary formula (6.11) allows for using the Gauss field for which the number of the
cut off variates, defining by the parameter s =5 are meaningless. The choice of the boundary
values (6.11) determines that the random field is also mathematically (statistically) sound.

The next generation parameters, i.e. the simulation base scheme (see Chapter 3) is
defined as a rectangle of dimension 16x 16 points. This base scheme is moved
horizontally step by step to cover all mesh points. The procedure allows for generating
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the tank imperfections, i.e. along the cylindrical surface. As many as 2000 realizations
have been generated. Using formulas (6.3) and (6.4) the following errors in the field
simulation occurred:

G, =3.30%

6.13
v, =3.48% (6:45)

The values (6.13) indicate excellent convergence of the field estimators. Additionally
few samples of the generated field of imperfections, presented in Fig. 6.6, prove that the
essential features of the measured imperfection map have been numerically reproduced.

6.1.4. Generation of the extreme tank imperfections

The same calculation can be performed in order to obtain the extreme geometric
imperfection field. For this purpose the Eq. (6.10) with the following correlation coefficient
are implemented:

Ja =0.0364
=0317389 6.14)
£ =0.175900
7 =0.058001

The same boundary values (6.11) are used. After generating 2000 realizations the
following errors occurred
G, =0.15%

6.15
v, =0.41% (6.13)

A sample of the generated initial imperfection vector is presented in Fig. 6.7. The
vector characterizes the extreme mean value chosen from all 2000 samples in the set. Thus
the sample is an extreme one.

Some general conclusions can be formulated.

The method of generating initial imperfections can be directly used to estimate the
theoretical capacity of an imperfect tank. For this purpose, when an appropriate field of
random vectors is assumed and generated some extreme samples can be selected and on
their basis it is possible to calculate the stress field of the construction (Chapter 5.1.2).
The selection criteria for the characteristic imperfection samples are, for example:
extreme single imperfection, norms of vector values, number of sign changes (number of
waves) along the horizontal lines. The choice of the parameters plays an important role in
the analysis. Also the definition of the theoretical capacity of the vertical petrol tank
should be established.

The method can help in the design process. According to the existing measured
imperfection data, their appropriate standard deviation and the correlation function can be
assumed. Then, the generation procedure and numerical analysis of the tank with geometric
imperfections is applied. In this way a “capacity lower bound” relating to all generated but
realistic data can be obtained.

It is also possible to establish the reliability of the tanks by using the Monte Carlo
method presented for example in Schenk and Schuéller 2003, Bielewicz and Goérski 2002b
or Melchers 1999. However in this case more samples should be considered.
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Fig. 6.6. Vertical cylindrical tank: measured geometric initial imperfections (Orlik 1976)

and three samples of generated random fields.
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23.75m, h=11.98 m

5000 m?, d
generated imperfections — sample no. 234

Tankno 1-V

Fig. 6.7. Extreme generated initial geometric imperfections of vertical cylindrical tank

3

6.1.5. Numerical calculation of vertical petrol tank

).

The first case refers to an ideal cylindrical shell whose data are presented in Fig. 6.8
and of

thicknesses =11, 10, 8, 7, 7, and 7 mm, starting from the bottom. Steel St3VY is used for

the lower side plates and the first row of the bottom plates, and steel St3SY for other plates.

]

each ca. 2000 mm height

The preliminary numerical calculations include three cases of tank no. 1 (5000 m

(Orlik 1976). The tank is made of 6 strakes of plates,

for

>

255 MPa. Other data of the tank
50 MN/m’, are taken from Zidtko (1986). 15646

finite elements were used for the tank model mesh (Gorski and Milulski 2005). Some of

The steel yield stress has been assumed to be R

example, the foundation parameters k

are presented in Table 6.7.

results, obtained with the help MSC NASTRAN (2001),

5000 m*

~
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=
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23.75m

Diameter: d

h=11.98m

Steel yield stress:

Height:

255 MPa
8 kN/m?3
h =1125m

R
P

Petrol:

50 kN/m?

k=

Soil:

P

Fig. 6.8. Petrol tank (cylindrical shell) data
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Table 6.7

Extreme stresses, bending moments and axial forces in tank with and without initial
geometric imperfections

Tank surface
Internal forces

ideal with imperfections with imperfections
Maximal stresses o, MPa 92.24 255 255
Bending moments m_, kNm/m -0.67 +0.98 -2.51+4.19 -1.38 + 3.76
Bending moments m,, kNm/m —-0.20 + 0.29 -4.11 +2.68 -3.42 +2.40
Axial force n, kN/m —7.97 + 20.56 -516.1 + 335.7 —712.7 + 448.2
Axial force 7, kN/m -1.23 +1025.0 -433.6 + 1319.0 -945.2 + 1227.0

The tank data for the second case include the measured initial geometric imperfections
presented in Fig. 6.1a (Orlik 1976). As the imperfections have been obtained only for 16
horizontal and 202 vertical lines (3232 points) the missing mesh values are determined by
linear interpolation using the neighbouring data. The basis for the numerical calculation is the
deformed shape of the cylindrical tank assumed as stress free. The petrol level is raised in
every incremental step. The results are presented in Table 6.7 and in Fig. 6.9.

The third calculation are performed for the generated extreme imperfections presented
in Fig. 6.7.

The results of the nonlinear calculations, presented in Fig. 6.9 and in Table 6.3
indicate that the tank initial discrepancies can cause significant variations in stress fields in
comparison with the solution related to an ideal surface. The steel of the tank with
imperfections has yielded at a point connecting the bottom with the side plates, and in the
areas where extreme discrepancies appear.

255000. —
229651, —
204302, —

178953, —{

128256.

102907.

77558.

52209.

26860.

1511.

Fig. 6.9. MSC NASTRAN (2001) results presented for half of the tank surface: reduced stresses
according to the Huber-Mises-Hencky hypothesis in [kPa] and displacement in magnified scale
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It should be noted that the yielding process has occurred despite the fact that the initial
field of imperfections is rather a typical one (see Fig. 6.1a).

The results (Fig. 6.9 and Table 6.7) reveal that there is a need for a precise description
of the initial geometric imperfections to help in the estimation of their influence on the
mechanical behaviour of the cylindrical steel tanks. The formulation of a methodology for
the identification, classification and description of the tank imperfections can ensure a
better and much safer design. The presented analysis and the numerical calculations have
shown that the imperfections should be taken into consideration in the design process of
cylindrical tanks, and in general in thin walled structures.

The following comments and suggestions having reference to the future improvements
of the identification and modelling of the random fields of imperfections can be made:

1. The result of the identification of the correlation function from limited data measured in
situ (see Eq. (6.1) and Fig. 6.6) need further investigation. It is obvious that the use of
more data obtained from analyses of similar tanks can significantly improve the
calculations.

2. A method of collecting the data of tank geometric imperfections should be formulated.
It is essential to define the minimal mesh of the measuring points. The mesh depends on
the tank diameter and the characteristics and the magnitude of the imperfections.

3. The achieved results, aided by the statistical analysis have proved the capability of the
method to precisely simulate the tank geometric imperfections when the correlation
function is known.

4. A generalized version of the correlation function should be formulated for vertical
cylindrical tanks of various dimensions and methods of constructions. The primary
relations (6.8) can help in future improvements when more measured data can be
incorporated in the calculations.

5. The numerical model of tanks can easily be extended to the calculations, for example,
by introducing random variability of soil foundations. Also the scattering in the
boundary conditions can have a degrading effect on the loading carrying capacity of
shells (Arbocz 2000).

6. Assuming that the initial imperfection distribution is given, how should one apply this
knowledge to a design procedure? One of the possibilities is the assessment of the
cylindrical tank reliability. For example, Arbocz and Starnes (2002) propose the
following simple formula based on deterministic design procedure

A
P < F.(i?.Pc (6.16)
where P, is the allowable applied load, P, stands for the lowest buckling load of the perfect
structure, A, is the reliability based knockdown factor, and F.S. is the safety factor.

6.2. Random imperfections of ship’s hull panels

The report by Kmiecik (1970) gives the results and a detailed description of a series of
tests, the purpose of which is to investigate the effect of initial deformations on the load-
carrying capacity of axially and laterally loaded longitudinally stiffened ship plate panels
(see Fig. 6.10). Six specimens are subjected to tests. The specimens were prepared as half-
scale models of plates with stiffeners. The initial geometric vertical imperfections of
3x5=15 plate points and some vertical and horizontal displacements of the stiffener
points (3 x 8 + 3 x4 = 24) were measured. Their maximal values are presented in Fig. 6.11.
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Fig. 6.10. Model of the ship’s panel plate with stiffeners

Two plates were loaded axially
while the others both axially and
horizontally. The tests proved that the
plate maximal capacity did not depend
on the loading direction. The most
important factor which affected the
plate limit load were the initial
geometric imperfections. In all cases
the obtained limit load was less than its
theoretical value calculated for an ideal
plate with ideal boundary conditions
(Kmiecik, 1970). For this reason an
additional analysis of the initial
geometric imperfections and their
effect on the mechanical behaviour of
the plate seems to be important.

As only six plate specimens were tested in the laboratory a simulation analysis could
provide some additional data. Preliminary probabilistic calculations of this problem can be
found in Gorski and Jasina (2001a and 2001D).

The following covariance function describing the homogeneous random field is
adopted:

Fig. 6.11. Plate with ribs — the maximal measured
value of initial geometric imperfections

R(x,y) =’ (1+ﬂx |x|) ¢ b (1+/1y |y|) eiﬂ)"y‘ (6.17)

where: |x| and | y| denote the field point distances, 4, and 4, are correlation decay
coefficients characterising the variability of the plate geometric imperfections, and the
standard deviation o represents their scattering. The choice of the correlation function and
its parameters are the most important part in the simulation approach. An appropriate
assumption of the theoretical model can significantly make the calculations easier.

In the model the distance between the measuring points is equal to |x| =0.17m and
| y| =0.255m respectively. To assume the correlation coefficients, numerous tests were
carried out, and the following parameters were adopted 4, =4, =2.0. The values confirm
that the correlation between the points reach the neighbouring plates separated by the
stiffeners. The standard deviations were calculated in the following way
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a:§|aex,,|:§2.90-10*3 ~0.97-10° m (6.18)
where a,,, is the extreme measured imperfection value. It was assumed that according to
the normal distribution characteristics, 99.73% of the random values were generated at the
interval of (x —30, X +30) . In the calculations only the initial displacement perpendicular
to the plate surface was taken into account.

The random field envelope was determined on the basis of the measured imperfection
data. Appropriate averaged values were taken into consideration. The double symmetry of
the plate allows for considering 6 x 4 =24 (6 plates of double symmetry) sets of the
measured realizations.

The upper and lower envelopes are constructed as sinusoid-like surfaces. The
amplitudes of the envelopes are assumed to be the maximal and minimal values of the
measured imperfections of the plate centres. The stiffener initial deformations are also
modelled by appropriate sinusoids. The upper envelope is presented in Fig. 6.12 and the
results of the calculations are given in Table 6.8. In the simulation algorithm the intervals
(a;, b;) of the random values are calculated according to the following formulas:

a;=w+s(a*—w), b=w—s(w-b*) (6.19)

1 1

where s is the truncation constant. Here, the parameter is s =1, a* and b* are shown in
Table 6.8.

Fig. 6.12. The upper envelope of the random field of the initial geometric imperfections

Making use of the simulation program, 2000 realizations of the initial imperfection
field have been generated. With their help the estimators of covariance matrix K, are
determined (see Eq. (6.2)). The results are compared with the test data. The global error of
the covariance matrix K, is calculated (see Eq. (6.3)):

G, (K, K, )=19.0% (6.20)

In this case the error value depends not only on the choice of the algorithm parameters
but also on the limited experimental data.

The presented approach leads to the nonlinear stochastic problem of compressed plates
with ribs. Geometric and material nonlinear solutions have been obtained with the help of
BOX program (Chroscielewski 1996). A convergence analysis of calculations of plates
with initial geometric imperfection using the BOX program can be found, for example, in
Chroscielewski etal. (1998). The boundary conditions are assumed as clamped with
possibility of displacements in the load directions. Geometric imperfections in the finite
elements nodes are introduced as stress-free kinematic constraints.
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Table 6.8
The average values and the envelopes of the initial geometric imperfections
Point Measured values [mm] Calculated values [mm]
No. Mean Maximal Minimal Mean Maximal Minimal
values values values values w; | values g values B
1 0.736 2.000 -0.323 0.437 1.418 -0.544
2 0.103 1.190 -0.640 0.244 0.940 -0.453
3 -1.930 -1.300 -2.650 -1.430 -0.810 —-2.051
4 0.046 0.540 -0.450 0.007 0.382 -0.368
5 1.670 2.420 1.050 1.298 1.853 0.742
6 0.501 1.360 -0.773 0.617 2.005 -0.770
7 0.131 1.330 -0.600 0.345 1.330 -0.640
8 —-2.060 -1.140 -2.900 -2.023 -1.145 -2.900
9 0.059 0.530 -0.520 0.010 0.540 -0.520
10 1.740 2.620 1.000 1.835 2.620 1.050

In order to determine the most unsafe (extreme) discrepancies the method of selection
of the extreme input realizations presented in Chapter 5.1.2 is implemented. To this end
some characteristic random variable vectors are selected from the generated realization set.

These vectors are characterized by:

— maximal or minimal number of positive or negative random values,
— maximal or minimal norms of the random vectors,

— components which are close to an eigen-form of the model.

Two example of the generated realizations are presented in Fig. 6.13.

Fig. 6.13. Generated realizations of plates with geometric imperfections

In the calculation the generated imperfections of shape and magnitude close to the
envelope of the measured values has been chosen (see Table 6.8). On their bases, using the

BOX program the following extreme critical stresses o,

%" =273.0 MPa

Additionally, the plate critical stresses calculated for the mean imperfection w; (Table
6.8) has been obtained

ext
cr

(05" 10,=0.748)

7

of the plate are calculated

6.21)
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oL =3124MPa (04" /o, =0.856). (6:22)

cr

The critical stresses calculated for the extreme values of imperfection is 12.6% less
than the stresses related to the mean plate imperfection. The load paths in the two
calculated cases are presented in Fig. 6.14.
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Fig. 6.14. Equilibrium paths for plates with geometric imperfections

It should be pointed out that the presented calculations are preliminary ones. The
obtained geometric imperfection fields are described in terms of a set of generated
realisations and the resulting statistic estimators. This can lead to a solution of a set of
deterministic problems and to obtaining probabilistic distributions of the limit loads for the
structure models (Monte Carlo method). Then, the reliability of the models can be
computed by use of the exact formula (level-3 method).

The results of the proposed approach can be considered to be useful in modelling the
random fields of engineering structures.



Chapter 7

FINAL REMARKS

The work presents the capabilities of the simulation based approach when stochastic

nonlinear models of structure are considered. The following comments can be made:

1.

Since exact solutions of geometrically and/or materially nonlinear random imperfect
structures are not available, the simulation based approach with the Monte Carlo
method and the finite element procedures is proposed.
This approach provides facilities for probabilistic distribution of limit loads of
randomly imperfect structures, and as a result the quality of the structure stochastic
responses can be specified. It has been proved that the type of random initial
imperfection field, for example the degenerate type or the Wiener type, has influence
on the obtained results.
Two methods of structure reliability estimation have been used:
— level-3 reliability calculations,
— determination of limit state histograms on the basis of loading multipliers calculated
at every simulation step.
The level-3 calculations have proved to be the most efficient in the case of reliability
estimation of nonlinear models. But, it should be pointed out that when the
theoretical load distribution is not known, the loading multipliers method presents
definite advantages.

. With the help of the limit state histogram a sensitivity analysis of random parameters

describing the structure load capacity is possible.

. Using simple nonlinear models with one and two degrees of freedom the application of

direct and stratified Monte Carlo method to the reliability calculations has been
examined. It has been proved that the stratified procedure combined with the level-3
reliability method characterises a faster convergence to an expected solution.

. With respect to two dimensional structures the simulation techniques of random fields

play the most important role in the analysis. The statistical analysis of the simulated

nonhomogeneous, second-order random fields has proved a high accuracy of the

proposed simulation method. The method will be especially useful in modelling
nonlinear stochastic boundary value problems encountered in engineering.

The accuracy of numerical calculations can be studied at the input level (simulations of

the imperfections) and/or at the output level (numerically obtained results). Advantage

has been taken of the following strategies:

— The reduction procedure of the initial number of random samples enables to
minimize the calculations without losing the result estimators accuracy.

— Progressive calculations of some measures of the output Monte Carlo results are
presented. The estimators stabilize as the number of samples increases, and in this
way a sufficient degree of the calculation accuracy can be obtained. The procedure
effectively reduces the initial data set.

The numerical examples show that for practical purposes the accuracy investigations
can be restricted only to the output level.
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10.

11.

— A procedure of choosing some characteristic initial realizations of the random fields
has been proposed. The extreme geometrical and/or material samples can be utilized
for the description of the limit response of the structure under consideration.

A concept of choosing a specific type of favourable and unfavourable probability

distributions of random variables is proposed. Their analysis leads to the estimation of

two reliability values to assess the structure reliability interval.

The main open question is the determination of the type of random field which should

be applied to analyse the structural response. Two examples of defining the correlation

function type taking into consideration the existing experimental data are given. It has
been proved that the initial geometric imperfections have an evident influence on the
numerical calculation results, and can reduce the structure load capacity.

The simulation-based approach can play an important role in the nonlinear analysis of

imperfect structures. Such analyses are extremely time consuming but the power of

computers is continuously growing.

The design processes of the imperfection-sensitivity structures such as columns, shells,

plates and others, should be preceded not only by numerical calculations but also by

theoretical considerations and experimental measurements. Engineering knowledge and
experience play an essential role in the analysis.
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NON-LINEAR MODELS OF STRUCTURES
WITH RANDOM GEOMETRIC AND MATERIAL IMPERFECTIONS
SIMULATION-BASED APPROACH

Assessment of reliability, safety and stability of structures with initial material and geometric
imperfections belong to the most complex problems in applied mechanics. The random nature of the
imperfections has evoked the use of probabilistic methods. Exact analytical solutions of the stochastic
problems exist only for simple models of structures and uncomplicated cases of loading. To obtain
approximate results a great variety of perturbation techniques and stochastic finite element methods
have been developed. To estimate the structure reliability the following techniques are in use: Monte
Carlo, first and second order reliability methods, response surface, artificial neural networks and
others. When nonlinear geometric and material effects are taken into consideration the structures
reliability can be evaluated only numerically.

In this work some general nonlinear stochastic models for static analysis of physically and geo-
metrically nonlinear models of structures with random geometric and material imperfections are
implemented. The Monte Carlo simulation seems to be the only method to solve such a class of
nonlinear problems. The proposed methodology can be described as a simulation-based approach.

Digital simulations of random variables and random fields on two-dimensional meshes are ap-
plied. The simulation process is based on the original conditional, rejection method of generation. An
important role in the calculations is played by the propagation base scheme covering sequentially the
mesh points and the random field envelope which allows to fulfil the geometric and boundary condi-
tions of the structure model. Any homogeneous or non-homogeneous field of practically unlimited
sizes can be generated.

The Monte Carlo method combined with the finite element program analysis is employed.
Structural initial imperfections are assumed as random fields described in terms of a set of generated
realizations and the resulting statistic estimators. This leads to solutions of a set of deterministic
problems for the assessment of the structure model responses. The critical load histograms obtained
numerically make it possible to estimate the structure reliability. An alternative procedure for the
reliability estimation is also proposed. Random imperfections of the structure and the applied loads
are simultaneously generated and an appropriate loading multiplier responsible for the structure fail-
ure is calculated. A set of the loading multipliers defines the histogram of the limit state of the struc-
ture and on its basis the factor describing the structures reliability is estimated.

Special attention is paid to the discussion of reduction methods concerning the number of the
Monte Carlo realizations. Two methods are considered: the reduction of the initial sets of data, and
the accuracy analysis of the output results. An assessment of the structure reliability interval is also
proposed.

A comprehensive analysis of simple models (rigid bars with inclined springs) makes provision
for an examination of efficiency and accuracy of the direct and stratified Monte Carlo methods. Most
examples presented in the work concern compressed shallow cylindrical shell structures.

Two examples of identification and simulation of the real structure geometric discrepancies are
also presented. The implemented method enables the reproduction of the measured imperfection maps
of vertical petrol tanks and longitudinally stiffened ship’s hull panels. The numerical analysis indi-
cates that the initial geometrical imperfections decrease the nominal load carrying capacities of the
structure models.

The application of the simulation-based approach can result in lowering the laborious and high
cost of the experiments. The formulation of a methodology for the identification, classification and
description of the initial imperfections can ensure a better and much safer design.



NIELINIOWE MODELE KONSTRUKCJI Z GEOMETRYCZNYMI
| MATERIALOWYMI IMPERFEKCJAMI
ROZWIAZANIE SYMULACYJNE

Problemy okreslenia niezawodnosci, bezpieczenstwa, a takze statecznos$ci konstrukcji z materia-
fowymi i geometrycznymi imperfekcjami nalezg do najbardziej zlozonych zagadnien mechaniki.
Poniewaz wstgpne odchytki maja charakter losowy, do ich opisu zazwyczaj stosuje si¢ metody proba-
bilistyczne. Problem ten moze by¢ opisany rownaniem

L, (a))[u(r, w)] = P(r, o)

gdzie w jest symbolem zdarzenia elementarnego, u(r, @), P(r, @) sa wektorowymi polami losowymi
przemieszczenia i obciazenia, L, (@) oznacza nieliniowy operator stochastyczny zalezny od parame-
troéw losowych, a r jest wektorem pozycyjnym.

Sciste rozwiazania analityczne tego typu stochastycznych zagadnien nie s3 mozliwe nawet w
prostych przypadkach konstrukcji oraz nieskomplikowanego obcigzenia. Rozwigzanie przyblizone
mozna uzyskac, wykorzystujac rézne warianty metod perturbacyjnych, stochastycznych elementow
skonczonych (SFEM) i stochastycznych elementow brzegowych (SBEM). Wynikami obliczen sa
zazwyczaj wartosci oczekiwane obcigzenia niszczacego oraz jego odchylenie standardowe. Wygod-
nym parametrem pozwalajacym na stochastyczny opis konstrukcji jest niezawodno$¢. Mozna ja
wyznaczy¢ za pomocg metody Monte Carlo, metod pierwszego i drugiego rz¢gdu (FORM i SORM),
poszukiwania powierzchni odpowiedzi (response surface), a takze wykorzystujac sieci neuronowe
i inne techniki. W przypadku, gdy analizowane sa zagadnienia materialowo i geometrycznie nielinio-
we, niezawodno$¢ mozna okresli¢ jedynie na drodze numeryczne;.

W pracy przedstawiono ogolne stochastycznie nieliniowe rozwigzania materialowo
i geometrycznie nieliniowych modeli konstrukcji z losowymi imperfekcjami. Obciazenie jest takze
definiowane jako losowe, ale w pracy nie przeprowadzono jego szczegdtowej analizy. Przyjeto, ze
stan graniczny konstrukcji jest funkcja pewnej liczby zmiennych losowych. Metoda Monte Carlo
wydaje si¢ jedynym podej$ciem umozliwiajacym rozwigzanie tego typu nieliniowych problemow.
Zaproponowane algorytmy obliczeniowe mozna okresli¢ jako rozwiazanie symulacyjne.

Zastosowano numeryczng symulacje dyskretnych p6l losowych. Podstawe generacji stanowi
dowolna teoretyczna funkcja korelacyjna, dobrana zgodnie z typem analizowanego pola, lub macierz
kowariancyjna okre§lona na podstawie danych do§wiadczalnych. Danymi metody sa takze wartoSci
oczekiwane okreslone w kazdym punkcie pola. Oryginalny algorytm symulacji wykorzystuje warun-
kowa metodg akceptacji i odrzucania. W obliczeniach istotng role odgrywa bazowy schemat propaga-
cji, za pomoca ktoérego sa pokrywane w sposob sekwencyjny wszystkie punkty dyskretnego pola. W
standardowym kroku obliczeniowym, wykorzystujac wezesniej wygenerowane wartosci pola, obli-
czana jest kolejna, nowa, pojedyncza zmienna losowa (punkt pola). Definiowany jest takze maksy-
malny rozmiar bazowego schematu stosowanego w obliczeniach.

Algorytm generacji wykorzystuje takze obwiedni¢ pola losowego okreslajacg minimalne i mak-
symalne warto$ci zmiennych losowych, uzaleznione od wartosci oczekiwanej okre$lonej w kazdym
punkcie pola. Obwiednie zazwyczaj definiowane sa jako wielokrotno$¢ odchylenia standardowego.
W ogélnym przypadku moga to by¢ dowolne funkcje umozliwiajace modelowanie imperfekeji
wstepnych uwzgledniajacych warunki brzegowe oraz specyfike geometrii konstrukcji.

Za pomocg zaproponowanej metody mozna wygenerowaé¢ dowolne jedno- dwu- lub trojwymia-
rowe, jednorodne lub niejednorodne pola losowe, o regularnej lub nieregularnej, dyskretnej siatce
i praktycznie nieograniczonych wymiarach. Przeprowadzona analiza dowiodla poprawnosci
i efektywnosci algorytmu.

W pracy za pomoca metody Monte Carlo w poltaczeniu z metoda elementdow skonczonych wy-
konywana jest stochastyczna analiza nieliniowych modeli konstrukcji inzynierskich. Takie podejscie,
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z uwagi na stale rosngce mozliwosci obliczen komputerowych, wydaje si¢ mozliwe i celowe. Wstep-
ne imperfekcje geometryczne i/lub materialowe konstrukcji zostaty opisane za pomocg pdl losowych
danych w postaci zbioru wygenerowanych realizacji i opisujacych ich estymatorow. Nast¢pnie, zgod-
nie z ideg metody Monte Carlo, rozwigzywany jest zbidr probleméw deterministycznych — modeli
konstrukcji z wstepnymi imperfekcjami. Na tej podstawie wyznacza si¢ rozktad obcigzenia krytycz-
nego. Przyjecie rozktadu obcigzenia rzeczywistego jako danego umozliwia zastosowanie doktadnego
wzoru opisujacego niezawodno$¢ (metody poziomu 3.).

Zaproponowano takze alternatywna procedur¢ umozliwiajaca estymacj¢ niezawodnosci kon-
strukcji. W kazdym kroku metody Monte Carlo generowane sa jednoczesnie losowe imperfekcje oraz
obcigzenie zewnetrzne. Przyjmujac imperfekcje jako state w danym kroku obliczeniowym, okresla si¢
mnoznik opisujacy zniszczenie modelu. Zbioér mnoznikoéw definiuje bezwymiarowy histogram stanu
granicznego konstrukcji i na jego podstawie wyznacza si¢ jej niezawodno$¢ okreslong przez liczbe
mnoznikéw wiekszych od jednosci.

Wykazano, ze rozklady opisujace stany graniczne umozliwiaja badanie wrazliwosci konstrukcji
na poszczegodlne losowe imperfekcje wstepne. Wynika to z faktu, ze dodatkowym generowanym
parametrem moze by¢ zardwno zewngtrzne losowe obcigzenie, jak i inna dowolna zmienna opisujaca
material lub geometri¢ konstrukcji. Takie alternatywne obliczenia pozwalaja na wyznaczenie tej
samej niezawodno$ci modelu, ale uzyskane rozktady znacznie si¢ réznia. Poréwnanie rozktadow
stanéw granicznych i ich estymatoréw otrzymanych w wyniki dziatania réznych losowych parame-
trow umozliwia okreslenie ich wptywu na mechaniczng odpowiedz konstrukcji.

Numeryczne obliczenia za pomocg programu wykorzystujacego elementy skonczone wymagaja
stosowania rozwigzania przyrostowego z iteracjami na kazdym przyroscie. Analiza nieliniowa pola-
czona z metoda Monte Carlo jest wigc bardzo czasochtonna. W pracy podjeto proby sformutowania
efektywnego algorytmu obliczen. Istotne jest okre$lenie minimalnej liczby realizacji potrzebnej do
uzyskania dostatecznie doktadnych rozwigzan. Zagadnienie to mozna rozwigzywac, analizujac dane
wejsciowe lub wyniki konicowe.

W pierwszym przypadku okresla si¢ liczb¢ realizacji opisujacych dostatecznie doktadnie wyge-
nerowane pola imperfekcji geometrycznych lub materialowych. W tym celu wykorzystywane sa
standardowe metody analizy statystycznej. Analiza tego typu podejscia prowadzi do wniosku, ze
minimalna liczba realizacji wykorzystanych w obliczeniach powinna wynosi¢ 2000. Nieliniowe
rozwigzanie takiej liczby deterministycznych probleméw za pomoca metody elementow skonczonych
jest praktycznie niemozliwe.

Bardziej efektywny sposob redukcji czasu obliczen jest zwigzany z analizg zbiezno$ci rozwig-
zania. W tym celu w kazdym kroku obliczeniowym metody Monte Carlo wyznacza si¢ warto$¢ $red-
nia obciazenia krytycznego, jego odchylenie standardowe oraz inne statystyczne estymatory. Badana
jest zmienno$¢ tych parametréw w funkcji liczby realizacji. Przeprowadzone obliczenia wykazaty, ze
w przypadku analizowanych modeli konstrukcji wystarczy 150 do 200 probek, aby uzyskane wyniki
uzna¢ za wystarczajaco doktadne.

Radykalne ograniczenie liczby badanych probek losowych polega na wyborze z wygenerowanego
zbioru kilku lub kilkunastu charakterystycznych realizacji, ktorych wpltyw na rozwigzanie konstrukcji
bedzie miat ekstremalny charakter. Parametrami decydujacymi o wyborze takich poél losowych sa, np.:
minimalne i maksymalne warto$ci zmiennych losowych w zbiorze, ekstremalne wartosci $rednie lub
normy poszczegolnych realizacji, a takze liczba zmian znaku pola lub wektory wlasne odpowiadajace
charakterystycznym wartosciom wilasnym. Nalezy podkresli¢, ze wybor realizacji ekstremalnych ma
charakter subiecktywny i moze prowadzi¢ jedynie do wstgpnego oszacowania losowej nosnosci kon-
strukcji. Inzynierska wiedza i dodwiadczenie odgrywaja istotna role w tego typu analizach.

Inng analizowang w pracy przyblizong metoda redukcji liczby realizacji jest poszukiwanie prze-
dziatu niezawodnos$ci modelu. W tym celu imperfekcje sa opisane minimalnymi lub maksymalnymi
wartosciami wybranymi z wygenerowanego zbioru n realizacji (np. n = 3). Obliczenia niezawodnoS$ci
wykonuje si¢ niezaleznie dla obu zbioréw. W ten sposéb mozna uzyskaé¢ dwie warto$ci definiujace
przedziat niezawodnos$ci. Metoda pozwala wigc na szacunkowe okreslenie bezpieczenstwa uktadu.

Wszystkie omawiane problemy przedstawiono za pomoca kilku numerycznych przyktadow.

W analizie doktadnosci i efektywnos$ci réznych wariantow metody Monte Carlo zastosowano
prosty model sztywnego preta podpartego sprezynami opisanymi sprezystymi i sprezysto-plastycznymi
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réwnaniami konstytutywnymi, z jednym lub dwoma stopniami swobody. Wykazano, ze zastosowanie
probkowania uwarstwionego (stratified sampling) umozliwia przeprowadzenie efektywnych obliczen
niezawodnosci nieliniowych modeli konstrukcji. Metoda bezposrednia (direct) Monte Carlo wymaga
znacznie wigkszej liczby analizowanych realizacji. Dodatkowo zbadano transformacje losowych
danych wej$ciowych w probabilistyczne rozktady rozwigzan. Stwierdzono, ze nieliniowy operator
odgrywa zasadniczg role¢ w uzyskanych rozwiazaniach.

Kilka przyktadow prezentowanych w pracy dotyczy matowyniostych $ciskanych powtok cylin-
drycznych, w przypadku ktoérych obcigzenie niszczace mozna wyznaczy¢ jedynie uwzgledniajac w
obliczeniach wstgpne imperfekcje geometryczne lub/i materialowe. Nalezy podkresli¢, ze rozktad sity
krytycznej prostego modelu sztywnego preta maja charakter podobny do wynikow obliczen matowy-
niostej Sciskanej powloki. A wigc wnioski uzyskane na podstawie wstgpnych analiz prgtow mozna
wykorzysta¢ bezposrednio w obliczeniach powlok. Wykonano numeryczne obliczenia, stosujac jako
dane zdegenerowane pola losowe opisane pojedynczg zmienng losows. Przeprowadzono takze obli-
czenia powloki z imperfekcjami opisanymi polem dwuwymiarowym.

Zaprezentowano dwa przyklady identyfikacji i symulacji rzeczywistych imperfekcji geome-
trycznych konstrukcji inzynierskich. Wykorzystano dostepne w literaturze, pomierzone odchytki
geometryczne pionowych zbiornikow cylindrycznych i $ciskanych modeli uzebrowanych ptyt poszy-
cia statkow. Zastosowane metody pozwalaja na odwzorowanie podstawowych cech pomierzonych
pol imperfekcji. Analiza numeryczna wykazata, ze wstgpne geometryczne odchytki wplywaja na
wyniki numerycznych obliczen i zmniejszaja wartos$¢ obcigzenia niszczacego.

Zastosowanie metod symulacyjnych moze ograniczy¢ pracochtonne i kosztowne badania do-
$wiadczalne. Sformutowanie metod identyfikacji i opisu wstepnych imperfekcji oraz badanie ich
wplywu na no$no$¢ konstrukcji, prowadzi do lepszego i bezpieczniejszego projektowania.

Prace podzielono na siedem rozdzialow.

W pierwszym rozdziale opisano zakres i cel pracy. W rozdziale drugim dokonano przegladu
metod mechaniki stochastycznej. Przedstawiono procedury dyskretyzacji pol losowych, techniki
perturbacji, stochastyczng metode elementow skonczonych, metody analizy niezawodno$ci konstruk-
¢cji, metody FORM i SORM, powierzchni odpowiedzi i inne. Z uwagi na zastosowane w pracy podej-
Scie, przede wszystkim omowiono rézne wersje metody Monte Carlo. Rozdziat trzeci zawiera opis
metody generacji dyskretnych p6l losowych. Przedstawiono podstawy teoretyczne, algorytm progra-
mu oraz zaprezentowano generacj¢ kilku teoretycznych jednorodnych i niejedorodnych pdl losowych
(bialy szum, pole jednorodne, Wienera i Brauna). W rozdziale czwartym analizowane sa proste nieli-
niowe modele o jednym i dwoch stopniach swobody. Wnioski sformulowane w tym rozdziale zostaty
bezposrednio wykorzystane w obliczeniach zagadnien dwuwymiarowych. I tak, w rozdziale piatym
przedstawiono przyktady stochastycznej analizy matowyniostych $ciskanych powlok. Rozdzial szosty
poswiegcono identyfikacji i generacji imperfekcji geometrycznych na podstawie dostgpnych w literatu-
rze wynikéw pomiaréow cylindrycznych zbiornikow na paliwa ptynne oraz uzebrowanych ptyt. Sfor-
mutowane ogolne wnioski przedstawiono w rozdziale szostym. Prace konczy obszerna bibliografia.

Podstawowe elementy pracy zostaly sformulowane w projektach Ministerstwa Nauki
i Szkolnictwa Wyzszego ,,Nieliniowe problemy w stochastycznej teorii powtok” 1980-1985, 1988—
1991 i dwoch projektach Komitetu Badan Naukowych ,,Pola losowe i ich zastosowanie w mechanice”
1991-1992 (nr 304259101) oraz 1991-1993 (nr 3P40405505). Kierownikiem projektow byt prof. dr
hab. inz. Eugeniusz Bielewicz, a gléwnym wykonawca dr hab. inz. Henryk Walukiewicz. W latach
1995-2002 w wyniku kontynuowania rozpoczetych tematéw opublikowano szereg dodatkowych
prac. Tytuly wszystkich wazniejszych publikacji zostaly ujete w spisie literatury, a w tek$cie umiesz-
czono odpowiednie odwolania.

Oryginalnymi elementami badan naukowych autora monografii, oprocz udzialu w badaniach ze-
spotowych, ktore maja odzwierciedlenia we wspolnych opublikowanych pracach, sa: ulepszenie algo-
rytmu generacji pol losowych, ktére umozliwito analize¢ p6l o dowolnych rozmiarach (odpowiedni frag-
ment rozdzialu 3.), weryfikacja réznych wersji metody Monte Carlo i ich przydatnosci w obliczeniach
nieliniowych modeli konstrukcji (rozdziat 4.1) oraz identyfikacja i generacja rzeczywistych odchylek
pionowych zbiornikéw cylindrycznych (rozdziat 6.1). Elementem nowym w stosunku do opracowan
przedstawionych przez wspotautorow projektow jest takze obszerny przeglad literatury dotyczacej za-
stosowania metod stochastycznych w zagadnieniach teorii konstrukcji (rozdziat 2).



	00
	00a
	00b StrRed
	00c CONTENTS
	00d LIST OF
	01_Introduction
	02_Review
	03_Simulation
	04_SimpleModels
	05_TwoDimensional
	06_Identification
	07_Remarks
	08_Reference
	09_Summary


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


