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1 Introduction

During my research activities, I have conducted methodological research in structural safety
and reliability quantifigation, nonlinear fracture mechanics modeling and utilization of soft
computing methods fé# solving inverse problems in materials and structural engineering. In
this thesis, a part of this research focused on the use of soft computing methods in the
reliability-based desi and assessment of structures will be presented.

When developing methodologies and tools for inverse and forward reliability analyses, spe-
cial emphasis was placed on the implementation of the most effective and powerful methods,
models and procedures with respect to its primary focus on time-consuming tasks solved via
nonlinear finite element method analysis. Examples of practical applications include deter-
mining the load-bearing capacity, reliability and remaining service life of existing concrete
bridges (see the examples of the post-tensioned concrete bridge made of precast MPD-type
girders in Fig. 1, top left, and the two-span reinforced concrete beam bridge in Fig. 1, top
right) or reliability-based design optimization of mass-produced T— and TT-shaped structural
elements (Fig. 1, bottom left and right).

In the thesis, methodological approaches for two types of reliability tasks will be pre-

Figure 1: Examples of the analysed structures: inverse reliability analysis of the post-tensioned
concrete bridge made of MPD girders (top left), the reinforced concrete beam bridge (top right),
and reliability-based design optimization of T— and TT—shaped LDE 7 roof girders (bottom left and
right).



sented: (i) reliability-based design of structures and (ii) metamodel-assisted reliability assess-
ment of structures. In both cases, the uncertainties inherently present in the structure—load—
environment system (e.g. material properties, geometrical imperfections, dead load, live load,
wind, snow, corrosion rate, etc.) are taken into account using a fully probabilistic approach.

2 Reliability-based design of structures

To achieve desired level of reliability in limit state design is generally not an easy task. Tra-
ditional approaches simplified the problem by considering the uncertain parameters to be
deterministic, and accounted for the uncertainties through the use of empirical safety factors.
These factors are usually derived based on the past experience. But, they cannot guarantee
required reliability level; they do not provide information on the influence of individual param-
eters on reliability. Also it is difficult (almost impossible) to design structures with uniform
reliability levels among components.

Uncertainties in design variables and problem parameters are inevitable and must be con-
sidered in an optimization task, if reliable optimal solutions are to be found. For a canonical
deterministic optimization task, the optimum solution usually lies on a constraint surface or
at the intersection of more than one constraint surfaces (Figure 2). However, if the design
variables or some system parameters cannot be achieved exactly and are uncertain with a
known probability distribution of variation, the deterministic optimum (lying on one or more
constraint surfaces) will fail to remain feasible in many occasions. In such scenarios, a stochas-
tic optimization problem is usually formed and solved, in which the constraints are converted
into probabilistic constraints meaning that probability of failures (of being a feasible solution)
is limited to a pre-specified value.

When performing either reliability assessment or advanced engineering design, it is essential
to take uncertainties into account using a probabilistic analysis. Reliability assessment requires
forward reliability methods for estimating the reliability. On the other hand, the engineering
design requires an inverse reliability approach to determine the design parameters to achieve
desired target reliabilities.

X5 LSF, Safe domain LSF,
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Figure 2: A comparison of deterministic and reliable solutions.



A “trial and error” procedure is generally used to determine the values of design parame-
ters related to the design of particular limit states (both ultimate and serviceability, according
to current standards). Design parameters (material properties, geometry, etc.) are changed
step by step in order to satisfy specified limit states. This problem leads to the use of op-
timization methods. The task of achieving target reliability levels, expressed by theoretical
failure probabilities or reliability indices, is much more difficult. The reliability problem is
generally described by the limit state function and basic random variables. Design parameters
can be deterministic or they can be associated with random variables described by statistical
moments and a suitable model of probability distribution function (PDF). They affect the
theoretical failure probability — a reliability indicator which cannot be easily calculated and
requires an approximation method or the application of simulation techniques. The “trial
and error” approach can also be used for the task of achieving target reliability levels, but its
shortcomings are obvious.

While forward reliability methods have been applied widely and successfully in reliability
engineering in various fields, inverse reliability approaches have not received the same degree
of both attention and application, although they are particularly useful due to their important
role in engineering design. The reason is that they are mathematically much more difficult — it
is necessary to amalgamate forward reliability methods with other mathematical approaches
of the optimization type. Inverse reliability problems appear when, for example:

1. Target reliability is specified in a design (ultimate and/or serviceability limit states).
In this case, the design parameters must be determined to achieve the given reliability
level.

2. Reliability-based design code is being calibrated. Code design procedures usually include
performance and load safety factors, which are used to account for uncertainties and to
produce a design with the desired reliability. To achieve this objective, the performance
and load factors may be calculated using the inverse reliability approach.

3. A target quality is specified for a manufactured product. Several design parameters in
the manufacturing process, ranging from material properties to process implementation,
may have to be obtained in order to ensure that the processed product miédets a pre-
specified quality or tolerances with a desired reliability.

The methodology proposed by author attempts to overcome the shortcomings of existing
inverse reliability methods. It utilizes artificial neural network (ANN) and a computational
time is reduced by using a small-sample Latin hypercube sampling (LHS) simulation technique
in ANN-based inverse problem proposed by Novék and Lehky [1], Lehky and Novék [2].

2.1 Reliability problem formulation

Classical reliability theory introduces the basic concept of structural reliability more formally,
treating it as a response variable (e.g. deflection, stress, ultimate capacity, etc.) or safety
margin Z (in the case that the function expresses a failure condition) which is the function of
basic random variables X = X, X5, ..., X, (or random fields):

Z:g(X17X2a"‘7Xn)7 (1)
where the function g(X) represents a functional relationship between elements of vector X
(computational model). Elements of vector X can be statistically correlated. If g(X) repre-

sents a failure condition then it is called the limit state function or the performance function.
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The structure is considered to be safe if:

Z = g(X) = g(X1, Xz, ..., X;) > 0. (2)

The limit state function can be an explicit or implicit function of basic random variables
and it can take a simple or rather complicated form. Usually, the convention is that it takes
a negative value if a failure event occurs; Z < 0, and the survival event is defined as Z > 0.
The performance of the system and its components is described considering a number of limit
states (multiple limit state functions). The aim of reliability analysis is the estimation of
unreliability using a probability indicator called the theoretical failure probability, defined as:

pe=P(Z<0). (3)

More formally, this probability is defined as:

pe= [ fx(X)dX, (4)

Dy

where the domain of integration is limited to the failure domain Dy where g(X) < 0,
fx(X) is the joint probability density function of basic random variables (and also of other,
deterministic quantities), and in general, its marginal variables can be statistically correlated.
The explicit calculation of integral in Equation (4) is generally impossible. Therefore a large
number of efficient stochastic analysis methods have been developed during the last decades.
For practical calculations failure probability pr can be substituted by the reliability index 3,
which makes the inverse reliability problem numerically more feasible to solve:

i
6 = _¢71(pf)7 (5)

where ® is the distribution function of the standardised normal distribution. The variable
safety margin in the original space of random variables together with the failure probability
and reliability index is shown in Figure 3.
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Figure 3: Safety margin, failure probability and Cornell’s reliability index.



2.2 Inverse reliability method

The inverse reliability problem is the problem to find design parameters corresponding to
specified reliability levels expressed by reliability index or by theoretical failure probability. In
general, an inverse problem involves finding either a single design parameter to achieve a given
single reliability constraint or multiple design parameters to meet specified multiple reliability
constraints. The design parameters can be deterministic or they can be associated with random
variables. Therefore, we include in addition to the vector of basic random variables X =
X1, Xs,...,X;, ..., X, the vector of design deterministic parameters d = dy,ds, ..., dy,....d,
and the vector of the design parameters of random variables r = ry,79,...,7,...,7,. Note
that the design parameters of random variables can be statistical moments of the first and/or
second order. To consider higher statistical moments as design parameters is mathematically
possible but useless from the practical point of view. In case of mean value one need to choose
if either standard deviation or coefficient of variation will be fixed.

In the case of multiple limit states we have several safety margins Z; and target failure
probabilities py ; or reliability indices 8;, where j = 1,2, ..., m is number of limit state functions.
The inverse prCfE’em can be stated generally as:

Given: pr; or f;
Find: dor/and r (6)
Subjectto: Z; =g¢(X,d,r); =0, for j=1,2,...,m.

Table 1 shows alternatives which can occur for one variable (deterministic or random);
design parameters to be found are marked by question mark.

Table 1: Design parameters alternatives.

. . Random
Variable Deterministic Noan oV
dy ? - -
1 - ? prescribed
) - prescribed ?
r3,T4 - ? ?

Note: d; is deterministic design parameter, r; — ry are
design parameters associated with random variables.

A general soft computing-based inverse method is proposed and applied for solving inverse
reliability problem, which aim is determination of the design parameters in order to achieve
the prescribed reliability level. The inverse analysis is based on the coupling of a stratified LHS
simulation method and an ANN. ANN as a cornerstone of the method is used as a surrogate
model of unknown inverse function describing relation between the design parameters and
corresponding reliability indicators.

P = fubn (D, ™

where P = d U is the vector of all design parameters (determinist and random ones) and
I =BV pr is the vector of reliability indicators.



ANN has already been used for inverse reliability Qoblems by some authors (Shayanfar
et al. [3], Cheng et al. [4]). A novelty of the approach suggested here is the utilization of
the efficient small-sample simulation method LHS [5,6] used for the stochastic preparation of
the training set utilized in training the ANN. For that purpose, the design parameters (e.g.
mean values or standard deviations of selected random variables) are considered as random
variables with a scatter reflecting the physical range of design values. Subsequently, the
calculation of reliability is performed using appropriate simulation or approximation method,
e.g. the First order reliability method (FORM). Once the ANN has been trained, it represents
an approximation consequently utilized in a following way: To provide the best possible set of
design parameters corresponding to prescribed reliability. The whole procedure is illustrated
by a simple flow chart as shown in Figure 4 and is implemented as follows:

Preparation of stochastic model
of design parameters (DP)

!

DP random samples generation
(LHS)

Preparation of stochastic model
of analysed problem

v

Reliability analysis of analysed
problem (FORM, MC, RSM)

)

Simulated reliability indicators
)29

LHS loop

Training set for ANN +
+ ANN training

‘ Desired pj, 8 H Trained ANN H Identified DP

Figure 4: A flow chart of proposed inverse reliability method.

1. The limit state functions g(X, P); have to be defined first. This can be done at the level
of explicitly defined formula or at the level of a computational model using the appro-
priate Finite element method (FEM) software. The functions have to be approximately
calibrated via “trial and error” procedure using design parameters P; the initial calcu-
lation uses a set of the initial design parameters resulting in a rough agreement with the
target reliability indicators I. An initial estimation of the design parameters has to be
made based on engineering judgment and computational simulation. The parameters
are estimated only roughly and therefore identification should follow as the next step.

2. Design parameters are considered as random variables described by a probability distri-
bution; the rectangular distribution is a “natural choice” as the lower and upper limits
represent the bounded range of the physical existence of design parameters. However,
other distributions can also be used, e.g. Gaussian. Random realizations of design
parameters are generated using LHS simulation method (see vector P in Figure 5).
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3. A multiple calculation of reliability indicators related to the limit state functions using
random realizations of design parameters is performed and a statistical set of the relia-
bility indicators I is obtained (see Figure 5). Note that the selection of an appropriate
number of simulations is driven by many factors, mainly by the complexity of the prob-
lem (computational demands), the structure of the neural network and the variability
of design parameters. No general rule can be therefore suggested.

4. Random realizations P (outputs of ANN) and the random responses — reliability indi-
cators related to the limit states I (inputs of ANN) — serve as the basis for the training
of an appropriate ANN. This key point of the whole procedure is illustratively sketched
in Figure 5 for m = 2 and p+ g = 2 (see the definition of the inverse reliability problem
at the beginning of this section).

5. The trained ANN is ready to provide an answer to the key task: To give the best
design parameters so that the stochastic calculation may result in the best agreement
with target reliability indicators, which is performed by means of a network simulation
using target reliability indicators as an input. This results in an optimal set of design
parameters Poy.

6. The last step is the verification of the results — the calculation of reliability indica-
tors related to limit state functions using the optimal parameters Poy. A comparison
with target reliability indicators will show the extent to which the inverse analysis was

successful.
Ox,i0xi
fi Xi (x)
f Xi
0l \ X
Hxi
Reliability - - ————1 | Design
indicators ‘ W“ i ‘ i ‘ | | parameters
t i
| ]
P
\ [ 2
\ w32 \ | Wa b, \
\ Lo \
_J L_23 1 L____1

Figure 5: A schematic view of the artificial neural network-based inverse reliability method.

Note that the important step of the ANN-based inverse reliabilitymethod is the design
of appropriate ANN structure (step 4), i.e. selection of the appropsate' number of hidden
layers and the corresponding number of neurons, the choice of transfer functions, etc. For
more details about ANN theory and design see e.g. [7-9]. Let’s just mention here that the
number of inputs (reliability indicators corresponding to limit states) and the number of output
neurons (design parameters) are known in advance.

In the case of inverse reliability analysis a double stochastic analysis is needed for the
training set preparation for ANN (steps 2 and 3 of the procedure). In the outer loop random
realizations of design parameters are generated using the LHS simulation technique. The inner
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loop represents the reliability calculation for one particular realization of design parameters.
Here, the FORM or other approximation method [10] is recommended due to computational
demands, as Monte Carlo (MC) type simulation techniques require a very high number of
simulations for small failure probabilities (thousands, millions). The number of simulations in
outer loop is driven by ANN and only tens of simulations are usually needed.

When solving the inverse reliability problem, finding the value of a design parameter can be
difficult because it can have several solutions for the same design requirement. Figure 6 gives an
illustration of such an issue. For the reliability index, there is an interval in|feasible domain in
which the inverse reliability task has more than one solution. In such a case, the original direct
inverse reliability method may fail to locate all the solutions or even fail to achieve convergence
if the initial design parameter is not chosen carefully. Two problems remain: 1) how to
locate all solutions in the feasible domain, and 2) how to choose among multiple solutions.
The only robust method is to consider all the feasible values of the design parameters, in small
increments, repeating the forward reliability analysis, and choosing the solution corresponding
to the target reliability level. Unfortunately, such a procedure is extremely computationally
demanding. For such cases, a hybrid inverse reliability method (IRM) can be used combining
the ANN-based inverse method with bisection method [11].

LA

By

A 4 v A 4 ’

o db A d

Figure 6: Example of relation between design parameter and reliability index.

The proposed hybrid method is able to locate solutions one by one as long as one can isolate
intervals for them. This can be done using the equivalent deterministic analysis. Then, with
initial design point u and initial design parameter dy, the IRM is performed and an upgraded
design parameter d is obtained. Once d is out of the given interval, instead of the IRM, the
bisection method is used to obtain the upgraded d by linear interpolation or taking average of
the bounds, which ensures the solution being in the interval. In the process of the iteration,
the interval is narrowed using the newly obtained d. Conditional on the newly obtained d, the
u vector is upgraded. The process is then repeated to seek the new d. The iterations repeat
until the convergence is reached. The next solution can be obtained by providing another
set of bounds and proceeding throughout the entire feasible domain. Selection of the most
suitable solution can be then based on sensitivities to the reliability index. The advantage of
this hybrid method is that it will never fail to find the solution with a reasonable convergence
speed, since the bisection method will only be used when the_solution is outside the bounds.

Since inverse reliability analysis combines ANN with multiple stochastic calculations, two
software tools named DLNNET [12] and IRel [13] has been developed to automate such time-
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consuming tasks. DLNNET is the artificial neural network software which is combined with
the FReET software for statistical, sensitivity and reliability analyses [14,15]. Inverse relia-
bility software IRel works as a master program which manages the whole process of inverse
reliability analysis and controls communication between DLNNET and FReET. The ANN-
based reliability method, together with the developed software, has been tested and applied
on a number of theoretical and practical applications (e.g. the post-tensioned concrete bridge
in Fig. 1 top left). For details, see [16-19].

2.3 Inverse reliability-based optimization

In order to find a unique solution to an inverse reliability problem with multiple design param-
eters, their number has to be equal to the total number of reliability constraints. In practice,
however, the number of design parameters may be larger than the number of intervening con-
straints. In such case, one could find and infinite number of solutions satisfying the reliability
constraints. A unique optimum solution could be obtained by introducing an optimization
with an objective function related, for example, to structural cost. The problem thus be-
come one of RBO problem which can be solved directly using small-sample double-lbop RBO
method.

As discussed above, in RBO, the reliability requirements are considered as nonlinear con-
straints in the optimization, requiring repeated forward reliability analysis. Since reliability
calculation of complex structural systems is usually extremely time-consuming, an alternative
approach called the inverse reliability-based optimization (IRBO) method was proposed. In
contrast to traditional reliability-based optimization, this method permits the separation of the
ordinary optimization method and the inverse reliability analysis [20]. The latter is performe
to provide the equality constraints which can be eliminated by substituting them into th
objective function. Any general optimization method can be used to obtain the independent
(free) design parameters by performing optimization. In order to further reduce a compu-
tational effort the Aimed multilevel sampling (AMS) optimization method is employed [19]
together with the small-sample simulation technique called Latin hypercube sampling [5].

The IRBO procedure illustrated by a simple flow chart in Figure 7 is implemented as
follows:

1. According to number of reliability constraints, the free and dependent design parameters

are determined.

2. Nonlinear optimization on the free design parameters is carried out. When requiring
the evaluation of the objective function, an ANN-based inverse reliability analysis [16] is
used to calculate dependent design parameters conditional on the upgraded free design
parameters, thus the calculation of the objective function.

3. The iteration is r¢peated until convergence at the free design parameters is reached.

The simplest heuristic optimization method is to perform Monte Carlo type simulation
within a design space and select the best random vector realization with regard to optimization
criteria [21], [22]. Such a procedure clearly does not converge quickly toward a functional
optimum and the quality of the solution depends on the number of simulations. The exact
location of the optimum using only a simple simulation is highly improbable. The scatter
of the results of such optimization is very high in the case of small sample analysis, and
strongly dependent on the number of simulations. This approach however is very simple and
requiring no knowledge of the features of the objective function. In addition, it.is transparent,
understandable and relatively easy to apply from the engineering point of viéw.

The AMS optimization method was first suggested in [23]. Its basic idea is to sort the

13



Preparation Optimization Results
Determination Forward optimization on the
. free DP
of the free and
dependent ' End of
design Calling of the objective function procedure
parameters with upgraded free DP with
(DP) with ! optimized
respect to Inverse reliability analysis Dp
number -
of reliability dy metamodel
indicators (RI) d, {dg}
——————————— B dy I
DP RI B2 DP
dq free DP +RI dependent DP dq
d 2 dz
() : ds
d,) B, Calculation of the objective d,
function with all DP

Figure 7: Flowchart of the inverse reliability-based optimization method.

course of the simulation into several levels. Advanced sampling within a defined space will be
performed at each level. Subsequently, the sample with the best properties with regard to the
definition of the optimization problem will be selected. Design vector d; pest, which corresponds
to the best realisation generated in the ith level, is determined as a vector of the mean vatues
of the random variables selected for simulation within the next level of the AMS algorithm.
Subsequently, the sampling space is scaled down around the best sample [24]. Another LHS
simulation is then performed in this reduced space. This leads to a more detailed search in
the area around the samples with the best properties with regard to the extreme value of the
function. More detailed description of this method can be found in [19].

3 Metamodel-assisted reliability assessment of structures

According to current codes, structural design and load-bearing capacity assessment can be
performed using both deterministic and probabilistic approaches. If the more advanced prob-
abilistic approach is used, the reliability level related to a particular limit state is quantified via
reliability indicators such as failure probability or reliability index, see Equations (3)—(5). In
practice, nonlinear FEM simulation is a well-established approach to the analysis of structures.
The response of a structure under serviceability as well as ultimate limit state conditions can
be virtually simulated quite realistically. Nonlinear analysis using advanced material models
of concrete and steel reinforcement which consider fracture properties, plasticity, relaxation,
etc., enables the exploitation of reserves which are usually neglected or diminished in the codes
or in linear analysis. From the failure probability calculation point of view, the utilization
of FEM simulation means that the limit state function (LSF) ¢(X) is not available as an
explicit, closed-form function of the input variables. This reaffirms the need to use some of
the available simulation or approximation methods.

The simulation methods are in general random numerical experiments which thus require
a full analysis of the system for each generated set of loading and structural parameters. This
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means that a time-consuming structural analysis based on the FEM needs to be performed
many times (ranging from several hundreds to millions of repetitions, depending on the ex-
pected failure probability value). This is the reason the utilization of the Monte Carlo method,
a straightforward and well-established simulation method, is not feasible. As a partial solu-
tion, some variance reduction techniques can be employed, e.g., importance sampling [25],
directional simulation [26], conditional expectation [27], and Latin hypercube sampling [5],
which is often combined with the evaluation of Cornell’s safety index, where the PDF of
the safety margin is approximated by a normal distribution; see, e.g., [28]. Even with these
improvements, the calculation is still quite time consuming.

Approximation methods (also known as metamodels, surrogate models, or response surface
methods) seem to be the right alternative to simulation methods, which require enormous
computational effort when calculating the failure probability of complex structusal-systems.

3.1 ANN-based response|surface method

The general principle of the response surface method (RSM) is to replace the original LSF with
an approximated (simpler) function whose evaluation is not so time consuming. The failure
probability calculation is then performed via the utilization of classical simulation methods but
with the approximated function instead of the original one. In original formulation of RSM,
the LSF is approximated using a polynomial type function [29,30]. Metamodels, which have
gained popularity among researchers over the last few decades include polynomial chaos [31],
support vector machine [32], and the Kriging [33,34]. Nevertheless, with an increasing space
of random variables, the number of discrete points (evaluations of the original LSF) needed
to construct the response surface increase hand in hand with the time needed for reliability
calculation. Therefore, in the case of large structures such as bridges, it is necessary to
develop more efficient procedures that will reduce the number of evaluations of the original
LSF to a minimum. Therefore, a small-sample artificial neural network-based response surface
method (ANN-RSM) has been proposed. The ANN is used here as a surrogate model for the
approximation of the original LSF. Thanks to its ability to generalize, ANN is more efficient
at fitting the LSF even with a small number of simulations compared to the above-mentioned
response surfaces. A stratified LHS method is utilized in the effective design of experiments
in order to select the best neural network training set elements.

The small-sample ANN-RSM is based on the general methodology of inverse analysis [1,16].
The process of ANN-RSM application is divided into two main phases (see also Fig. 8): (1) the
approximation phase, where the original LSF (in its explicit or implicit form) is approximated
by a suitable ANN using a series of numerical experiments where the input random variables
are selected according to the LHS simulation scheme and (2) the reliability calculation phase,
where the approximated LSF is used instead of the original one in combination with classi-
cal simulation or approximation methods (e.g., Monte Carlo, FORM) for the calculation of
reliability indicators (reliability index, failure probability).

The whole procedure is schematically illustrated using a simple flowchart in Figure 8, and
can be itemized as follows:

1. Random realizations of input basic variables (possibly correlated) of an analyzed stochas-
tic problem are sampled using the stratified LHS simulation method. The number of
simulations depends on the complexity and required accuracy of the analyzed problem.
In general, tens of simulations are used.

2. Evaluations of the original LSF are performed repeatedly for an individual vector of
realizations of input random variables, and corresponding LSF values are calculated.
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Figure 8: A flow chart of proposed inverse reliability method.

The FEM analysis can be used for the calculation of the original LSF.

. The set of LSF values, together with a corresponding set of input random variables,

serves as an ANN training set using an appropriate optimization technique (gradient
descent methods, evolutionary methods, stochastic methods, etc.).

. The trained ANN is subsequently used as a surrogate LSF for reliability analysis where

reliability indicators are calculated via the utilization of classical simulation or approxi-
mation methods. In the cassimulation methods, millions of simulations can be used
thanks to the extremely high speed of surrogate LSF evaluation compared to the original
LSF.

. In the case of poor convergence in the process of ANN training, or low accuracy, ad-

ditional samples can be added using the hierarchical subset Latin hypercube sampling
(HSLHS) strategy [35]. The approximated LSF can be further improved using a new
anchor point near the design point according to:

Xo =X 4 (Xp - %) IX)
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where the function §(X) is used to obtain an estimate of the “design point”, Xp, for
the surface §(X) = 0 based on the assumption of uncorrelated Gaussian variables. Once
Xp is found, §(Xp) is evaluated and a new anchor point, Xy, for interpolation is
chosen on a straight line from the mean vector X to Xp. This new anchor point in the
multidimensional space of random variables is used as a set of updated mean values of
such variables for new LHS sample generation, which is then located closer to the failure
domain. In the case of standard deviations, we recommend reducing their size by half
in each iteration to achieve even faster convergence.

. The sensitivity analysis of the input random variables should also be performed before

generating the additional samples. In the case of low dependence of the input random
variable on the structural response, the variable can be omitted from the stochastic



model, which can in some cases significantly reduce the number of additional simulatiorrs.
For a detailed theory of the ANN-RSM method and its ﬁication to the assessmernt—o
several bridge structures, see Lehky and Somodikova [10].

3.2 Inverse response surface method

As described in previous section, the response surface is an alternative to the real LSF. How-
ever, in contrast to the forward approach, when designing the structure, the function values
that are used to construct the response surface are not available until the desired design vari-
ables are determined. Therefore, an inverse response surface method (IRSM) was proposed. It
is based on a coupling of the adaptive RSM of Bucher and Bourgund [36] and the ANN-based
inverse reliability method described in Section 2.2. The method is inspired by the procedure
of Li [20], which combined the RSM with the Newton-Raphson iterative algorithm to solve
inverse reliability problem [37]. The method proposed in this paper utilizes ANN and LHS
methods which makes it more robust, efficient and therefore feasible for solving time-consuming
problems such as structural design.

An iterative scheme to upgrade the response surface and, at the same time, to accomplish
the inverse reliability alysis is proposed as follows:

1. In the first step of the IRSM, with the initial values for the design parameters, the
initial response surface is constructed using foregoing RSM (polynomial, ANN, Kriging
or any other metamodel can be employed). Based on this approximate response surface
the ANN-based inverse reliability analysis is carried out and a new estimate of design
parameters is obtained as well as the design point.

2. In the second step, the new anchor point is calculated from the design point using
Equation (8). It serves together with the previously obtained design parameters for the
response surface update. Based on this updated response surface the ANN-based inverse
reliability analysis is carried out again to seek the new design peters and the design
point.

3. This process is repeated until the convergencﬂs achieved at the fdesigmparameter with
acceptable tolerance.

A graphical representation of the evolution of the response surface during the iterative
process is given in the application section in Figure 10. For a detailed theory of the IRSM
method its verification and practical application to the the post-tensioned concrete bridge
mentioned in the Introduction (Figure 1 top left), see [38,39].

4 Examples and applications

The presented methodologies for forward and inverse reliability analyses have been tested and
applied to a wide range of theoretical and practical applications. For simplicity, illustration
and due to the limited scope of the thesis_only two simple examples will be presented in this
section, one on the IRBO of a simple steel/beam and the other on the use of ISRM in solving
a simple reliability problem. For application to more complex problems, I refer the reader
to the following papers. In [16], the ANN-based inverse reliability method was tested and
applied to various classes of problems — both linear and nonlinear cases with singlejas well as
multiple design parameters, and with independent basic random variables as wéll-as random
variables with prescribed statistical correlations. In the paper [19], the reliability-based design
optimization of a post-tensioned bridge structure made of MPD girders was addressed. The

17



application of ANN-based RSM to various bridge structures is presented in [10]. The paper [39]
details the application of adaptive IRSM method for prestressed concrete bridge.

4.1 Application of inverse reliability-based optimization

The first example represents a simple practical application of proposed IRBO procedure. Fig-
ure9 shows simply supported beam made from thin-walled rectangular profile. Beam was
subjected to a concentrated load in the middle. The span of beam was assumed 3.048 m,
treated as a deterministic variable. Modulus of elasticity E, load P and cross-section dimen-
sions t, B, H were taken as random variables. Their statistics are given in Table 2. The
dimensions ¢t and B were considered as the free design parameters, H was chosen as dependent
design parameter. The goal is to find the dimensions of the cross-section ¢, B, H to ensure that
the mid-span deflection exceeds 0.001016 m only with a given probabilities and corresponding
reliability indices Siarges. The goal is to minimize cross-sectional area and meet all constraint
conditions as close as possible.
lP
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Figure 9: Scheme of the beam and cross-section.

Table 2: Stochastic model.

Variable  Distribution Mean value CoV
L (m) Deterministic 3.048 -

E (GPa) Normal 200 0.1
P (kN) Normal 4.448 0.1
t (mm) Normal ? 0.1
B (mm) Normal ? 0.1
H (mm) Normal ? 0.1

Optimization problem might be formulated as follows:
Find: the mean values of ¢, B and H, denoted by t,,, By, and H,,.
Minimize: Cross-sectional area A,

Ac = BuHu — (B — 2tu) (H — 2t). 9)

Subject to reliability constraint § = Biareee for limit state function:

PL?
G =1.016 — T (10)
where:
=L L oym - (11)
12 12
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and simple geometric constraints:
0.00254m < t,, <0.0127m, By, > 0.0127m, H,, < 0.381 m. (12)

Reliability analysis was carried out using the FORM method; the |grting values were
means and the tolerance for convergence was 107%. Randomization of design parameters
for training set preparation is displayed in Table 3. CoV stands for coefficient of variation,
Std means standard deviation. One hundred random samples were generated using Latin
hypercube sampling method. The ANN consisted of one hidden layer with five nonlinear
neurons (hyperbolic tangent transfer function) and an output layer with one output neuron
(linear transfer function) which corresponds to the dependent design parameter H. The ANN
has three inputs which correspond to the two free design parameters ¢ and B, plus one target
reliability index Biarget. Optimization was performed using AMS optimization method [23,24].
Geometric constraints were set according to Equation (12). The whole optimization process
was divided to 10 levels with 300 simulations per level. A total of 3000 simulations were
performed per optimization task.

Table 3: Randomization of design parameters for training set preparation.

Variable  Distribution Mean value  Std  min max
tm (mm)  Rectangular 3.25 0.0433 25 4

By, (mm) Rectangular 210 51.962 120 300
H,, (mm) Rectangular 325 43.301 250 400

The IRBO was carried out for different Siareer and the optimum solutions are summarized
in Table 4. The results show good accuracy of the obtained solution. At the same time, the
activation of different geometrical conditions for different values of the required reliability is
evident.

Table 4: Optimization results for different target reliability indices.

/Btarget tm Bm Hm AC ﬂt

() (mm) (mm) (mm) (mm*) ()
1 254 127  259.51 1937.67 0.997
309 254 127 35040 2399.36 3.085
5 2.54  297.05 381  3418.70 5.001

4.2 Application of inverse response surface method

An explicit nonlinear LSF function adopted from [40] has been selected to show the IRSM
procedure and demonsgtrate the validity and accuracy of the method. The complex solution of
the function can be f d in [41]. Here, the simplified form of the original function with only
one standard normal variable X; and an identified deterministic parameter d (see the stochastic
model in Table 5) was used in order to give the graphic interpretation of the proposed iteration
scheme. An explicit function was defined as:

9(X) = 042562 _ ldl _ 9, (13)
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The target reliability index is considered as Biarget = 2.688, expected design parameter is
d = 5.163 (calculated using 10 million Monte Carlo simulations of the original LSF). In order
to construct the response surface and to perform ANN-based inverse reliability analysis the
design parameter d has been treated as a uniformly distributed random variable. Two cases
with the initial range, where the parameter d is inside this range (case 1) and out of the range
(case 2), respectively, were used; see Table 6.

Table 5: Stochastic model.

Variable Distribution Mean value Std
X Normal 0 1
d Deterministic ? -

Table 6: Randomization of the design parameter.

Variable  Distribution Mean value Std min max
d —case 1 Rectangular 6 1.155 4 8
d — case 2 Rectangular 7 0.577 6 8

ANN-based response surface with two input neurons corresponding to variable X, and
design parameter d, one linear output neuron corresponding to the value g(X) and eight
nonlinear neurons in hidden layer has been used to substitute the original LSF in Equation 13.
The training set consists of 30 random samples of input parameter generated by LHS method.
The gradient descent method with momentum was used for the ANN training.

Based on the constructed response surface the ANN-based inverse reliability analysis has
been carried out. Utilized ANN consisted of two nonlinear neurons in a hidden layer and a
linear output neuron corresponding to the design parameter d. There was one input to the
network corresponding to reliability index. In order to create the training set, the reliability
calculations using 1 million Monte Carlo simulations have been performed with 30 random
samples of design parameter. After ANN training, the ANN was ready to provide the best
design parameter related to the initial response surface. This was performed by means of a
network simulation using target reliability index as an input.

With an updated design parameter, an updated response surface has been constructed
for the next iteration. The stochastic model has been changed with respect to the updated
design parameter and the new anchor point calculated according to Equation 8, i.e. random
sampling was performed in a region closer to the design point. Standard deviation of the design
parameter has been reduced to half of the original value in order to speed up the process and
improve its convergence.

Table 7 shaws the values of design parameter and reliability index during iteration process.
In this casee results reached the good accuracy after only two iterations. Let’s note that
reliability index 8 was calculated by 1 million Monte Carlo simulations of response surface.
Figure 10 shows how response surface approaches the real LSF (g,m,) graphically. In the
figure, there are two response surfaces, each depicted for both initial (“ini”) value as well as
updated (“upd”) value of the design parameter in each iteration (1 and 2). Figure 10 also
shows design points of all response surfaces (white bullets), i.e. the points that has the highest
contribution to the probability integration.
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Table 7: Results of IRSM iterative process.

Design parameters, Identification Identification Target

reliability index — iteration 1 — iteration 2 value
d — case 1 5.197 5.163 5.163
[ — case 1 2.682 2.691 2.688
d — case 2 5.346 5.163 5.163
B — case 2 1.757 2.689 2.688
2000 .
1500 — Jone
— 1000 Ihini
% 500 4 T e
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=== 92 upd
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Figure 10: Evolution of response surfaces in iterative process for case 2.

From results, we can conclude that, even after couple of iterations, the iterative proce-
dure significantly improves the quality of utilized response surface when performing structural
reliability-based design. Generally, the initial ANN-based response surface approximation and
consequent inverse reliability analysis cannot result in sufficiently accurate design parameter
without RSM update. A number of iterations and successful convergence of the process is
mostly dependent on the shape of the original limit state function and estimation of initial
interval of the design parameter. As shown in case 2, even if the initial interval does not
cover the actual value of the design parameter, the iterative procedure leads to correct results.
This was also confirmed in other tested examples. However, the worse the estimation of the
initial interval is, the worse the convergence of the iterative process can be. If the estimation
is extremely poor then convergence may not be achieved.

Conclusion

Solving reliability-based design and probabilistic assessment of structural reliability are essen-
tial steps in a range of applications. Typical examples are the determination of reliability,
load-bearing capacity and residual lifetime of aging bridges subjected to gradual deterioration
which brings increasing level of uncertainty to its parameters. Reliability assessment and op-
timization are also an integral part of the development of mass-produced components or are
used in the calibration of standards, etc. Proposed methods efficiently combines several tech-
niques from stochastic mechanics and soft computing, which are usually utilized separately,
in order to drastically reduce computational effort when performing reliability-based design
and assessment of complex systems. In general, for complex systems, the response surface
method is the only way to approach both forward analysis and inverse analysis since there is
no other method which can give the solution with an acceptable level of computational effort.

21



When utilizing response surface method for inverse problems, the iterative procedure should
be performed to ensure accuracy of reliability-based design and reliability assessment.

Reducing computation time is also extremely important for reliability-based optimization.
When using the double-loop RBO method, performing the inner reliability loop is a com-
putationally and time consuming part. Therefore, the proposed IRBO method permits the
separation of the conventional optimization method and the inverse reliability analysis. It
uses a surrogate model to explicitly approximate the inverse reliability with respect to design
variables and reliability indicators. The outputs of the surrogate model are the values of the
so-called dependent design variables related to the prescribed reliability constraints. Since
these are equality constraints, no checks on the reliability constraints are required. Compared
to the original double-loop RBO method, only a limited number of reliability analyses are
required to construct the surrogate model. This leads to a drastic reduction in computational
burden.

Future activities in research and teaching

Soft computing methods have become very popular in recent years, and in combination with
traditional mathematical methods offer great potential to solving various types of engineering
problems. Author plans to continue development of these methodologies with emphasis on
their practical application, which requires a combination of several methods and software tools.
Although the application of the presented methods will never be possible “in one click”, for
their practical use, user-friendly software tools need to be developed that are easy to use for
users without deep knowledge of the whole methodology. Author already has experience in the
development of similar software for the use of artificial neural networks in the identification
of mechanical fracture parameters of quasi-brittle materials or inverse reliability analysis.
Author’s team is developing a computing environment based on the so-called node editor. The
user links pre-programmed functional blocks (nodes) in the form of interfaces to individual
programs and methods. This creates a visually clear flow chart (algorithm) of the solved
task. Such a concept offers easy design of relatively complex procedures and also easy future
extensibility with newly developed methods.

In terms of soft computing methods, the parallel use of multiple neural networks has great
potential. Such a construct made up of many neural networks which are jointly used to solve
a particular task is called a neural network ensemble (NNE). The fundamental mathematical
idea of NNE rationally originates from “the weak law of large numbers in probability”. From
a practical point of view and with a view to minimizing computational effort, this theory will
be combined with the mathematical optimization concept that “many could be better than
all”. Tt entails picking out excellent neural networks and eliminating the poorer ones via a
specific procedure. The use of NNE can significantly improve the generalization capability
and accuracy of the surrogate model while maintaining acceptable computational demands.

It is planned to further strengthen the research team with talented students from all
levels of study and postdocs from cooperating foreign institutions. Priority will be given to
applying for basic and applied research projects and cooperation with industrial partners on
the implementation of theoretical knowledge into practice. The international prestige of the
team will be strengthened through continued international collaboration, making international
internships available to students and researchers, teaching and invited lectures at foreign
institutions, and serving on international committees and organizations.

Within the teaching activities, the author wants to continue to incorporate the latest re-
search findings into teaching at all levels of study, and thus contribute to improving the quality
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of teaching and preparing highly qualified graduates. It s also planned to continue individual
work with students, supervising bachelor’s, master’s and dissertation theses. Talented students
will be offered the opportunity to participate in research activities and support their mobility
to foreign universities and conferences. Such motivated students may continue their scientific
career at the university in the future or find employment in industry with the potential to
collaborate on applied research projects.
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Shrnuti

Predlozend prace predstavuje ¢ast vyzkumné ¢innosti autora zamétené na vyuziti metod soft
computing pii spolehlivostnim navrhu a posouzeni stavebnich konstrukei. Pfi vyvoji metodik
a néastroju pro inverzni a dopfednou analyzu spolehlivosti byl kladen zvl4stni duraz na im-
plementaci co nejefektivnéjsich a nejvykonnéjsich metod, modelt a postupu s ohledem na
jejich primérni zaméfeni na ¢asové naroéné ulohy fesené pomoci nelinedrni analyzy metodou
koneénych prvku. V praci jsou postupné piedstaveny metodické postupy pro dva typy tloh
spolehlivosti: (i) spolehlivostni ndvrh konstrukei a (ii) posouzeni spolehlivosti konstrukei s
vyuzitim metamodelovani. V obou pfipadech jsou zohlednény vstupni nejistoty, které jsou
prirozené pritomny v celém systému konstrukee—zatizeni—prostiedi (napt. vlastnosti materidlu,
geometrické imperfekce, stald zatizeni, nahodild zatizeni, vitr, snih, mira koroze atd.), a to s
vyuzitim plné pravdépodobnostniho piistupu.

Spolehlivostni ndavrh a optimalizace konstrukei patii mezi tzv. inverzni ulohy, kdy pro
analyzovany mezni stav a jemu odpovidajici pozadovanou troven spolehlivosti definovanou
tzv. ukazateli spolehlivosti (pravdépodobnost poruchy ¢i index spolehlivosti) hleddme hodnoty
tzv. navrhovych parametri. Ty mohou byt deterministické nebo se muze jednat o statistické
charakteristiky ndhodnych veli¢in. Pfedmétem névrhu ¢asto byva sada navrhovych parametru
a je pozadovano splnéni pozadované spolehlivosti pro vice meznich stavu. Béznou praxi pti
deterministicky definované 1loze je pouziti metody pokus—omyl. Ta je vSak pro feseni vyse
definované inverzni ilohy spolehlivosti nepouzitelna. Nabizi se vyuziti pfimé spolehlivostni
dvousmyckové optimalizace, kterd vsak muze byt v piipadé konstrukei feSenych nelinedrni
metodou koneénych prvka pomérné casové naroénd. Prace proto predstavuje metodu inverzni
analyzy spolehlivosti zalozenou na umélé neuronové siti a stratifikované simulac¢ni metodé
Latin hypercube sampling. Zakladnim stavebnim kamenem metody je uméld neuronové sit,
kterd slouzi jako ndhradni model nezndmé inverzni funkce popisujici vztah mezi navrhovymi
parametry a odpovidajicimi ukazateli spolehlivosti. Stratifikovand simulacni metoda pak slouzi
pro efektivni ndvrh tzv. uéici mnoziny nezbytné pro nastaveni parametru sité.

Aby bylo mozné nalézt jedine¢né feseni inverzniho problému spolehlivosti s vice navrhovymi
parametry, musi byt jejich pocet roven celkovému poctu spolehlivostnich okrajovych podminek.
V praxi vSak muze byt pocet navrhovych parametru vétsi nez pocet limitujicich ukaza-
telt spolehlivosti. V takovém piipadé existuje nekoneény pocet feSeni vyhovujicich danym
spolehlivostnim podminkam. Jedine¢né optimalni feseni by bylo mozné ziskat zavedenim op-
timalizace s cilovou funkci vztahujici se napiiklad k cené konstrukce ¢i jeji opravy. Z tlohy se
tak stava problém spolehlivostni optimalizace, ktery lze TeSit vySe uvedenou dvousmyckovou
metodou. Ta umoziiuje oddélit optimalizaéni ¢dst (vnéjsi smycka) a édst spolehlivostni (vnitin{
smycka). Pro co nejefektivnéjsi vyfeseni tlohy se ddle nabiz{ nahradit vnitin{ spolehlivostn{
smycku vyse uvedenou metodou inverzni spolehlivosti zalozenou na umeélé neuronové siti. Ve
srovnani s klasickou dvojmyckovou metodou je pak zapotiebi provést pouze omezeny pocet
spolehlivostnich analyz, coz vede k vyraznému snizeni vypocetni naro¢nosti.

Jak je uvedeno vyse, droven spolehlivosti vztahujici se k ur¢itému meznimu stavu je
kvantifikovdna pomoci ukazatelu spolehlivosti, jako je pravdépodobnost poruchy nebo index
spolehlivosti. V praxi se k numerickym analyzam konstrukeci vyuziva linearni ¢i nelinedrni
simulace metodou koneénych prvku (MKP). Z hlediska vypoctu pravdépodobnosti poruchy
znamend vyuziti MKP absenci funkce poruchy v explicitnim uzavieném tvaru, a tedy nutnost
pouzit nékterou z dostupnych simula¢nich nebo aproximacnich metod pro stanoveni ukaza-
telu spolehlivosti. Druhd ¢dst prace proto pojedndva o vyuziti metamodelovani pii stanoveni
spolehlivosti konstrukci. V préci je predstavena aproximaéni metoda plochy odezvy (response
surface method) zalozend na umeélé neuronové siti, kterd slouzi jako ndhradni model puvodn{
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funkce poruchy. Ve vychozi konfiguraci je funkce poruchy nahrazena v celém oboru hodnot,
nasledné je provedeno zpfesnéni aproximace v oblasti poruchy presunem k tzv. navrhovému
bodu. Jelikoz vy¢isleni ndhradni funkce je v porovnani s puvodni funkei poruchy o nékolik
Fadu rychlejsi, vypocet ukazatelu spolehlivosti pak muze probéhnout s pomoci vhodné sim-
ula¢ni metody, napt. Monte Carlo.

Posledn{ predstavenou metodou je metoda inverzni plochy odezvy (inverse response surface
method). Jak vyplyva z ndzvu, svoje uplatnéni najde pfi vyuziti ndhradniho modelu v rdmci
spolehlivostniho navrhu. Na rozdil od piimé analyzy spolehlivosti totiz nejsou pfi navrhu kon-
strukce znamy hodnoty funkce spolehlivosti, které se pouzivaji ke konstrukei plochy odezvy
(ndhradniho modelu), a to proto, Ze nejsou zndmy hodnoty navrhovych parametru. Pro tyto
ucely byla navrzena metoda inverzni plochy odezvy, kdy dochézi k postupnému adaptovani
plochy odezvy ruku v ruce s postupnym zpfesnovanim hodnot navrhovych parametru za po-
moci inverzni analyzy spolehlivosti predstavené v prvni ¢asti préce.

V posledni ¢asti prace jsou pro nazornost ukazany na dvou vybranych jednoduchych ap-
likacich postupy a dilci vysledky spolehlivostni optimalizace a metody inverzni plochy odezvy.

......

publikacich autora.
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