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Abstract—Various calculation methods based on the theory of
probability and statistics are used for designing and assessing
elements and systems in load-carrying structures. Those methods
have been becoming very popular recently. Using the probabilistic
method, it is possible to anadlyze a reliability margin defined in a
computational model where at least some input characters are
random. New methods which are being developed now include the
Direct Optimized Probabilistic Method (“DOProC”). Thisis a purely
numerical method which uses no simulation techniques. Results of
the probabilistic tasks are more accurate and, often, more fast to
reach. The described algorithm has aready been implemented in
several applications which were successfully used at solution of
probabilistic tasks and probabilistic reliability evaluations.
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|. INTRODUCTION

t present a line of computing procedures are used for

evaluation of bearing structures reliability which come
out of the probability theory and mathematical statistics the
development of which has been passing through significant
growth lately [1]. These computing procedures contribute to
qualitatively higher level of the reliability evaluation and also
to security provision of users of the designed object [2, 29, 30,
32]. They are suitable for design of bearing structure elements
with set reliability level when at least some of the design
variables have random character (e.g. [5, 11]). At defining the
input random variables they are frequently based on values
coming from measurements performed with real objects even
the long-term ones [3, 27, 28, 31].

The probabilistic evaluation process and structure design
have just entered in the common design practice [35]. The
stated computing procedures are used namely at designs of
structural [12] or underground bearing systems [34] when also
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the service life of the construction can be estimated in addition
to its reliability, or to analyse its resistance to degradation
effects [33] and corrosion respectively [26, 36].

The article is focussed on the utilisation of original and
newly developed probabilistic method Direct Optimized
Probabilistic Calculation (hereinafter DOProC), which
functions purely numerically without application of any of the
simulation techniques which results in a more precise solution
of probabilistic tasks and in certain situations also to a far
more quicker calculation [8].

I1. PRINCIPLES OF THE METHOD

DOProC has been developed since 2002 and theoretical
backgrounds have been described in many publications [6, 7].
The DOProC probabilistic calculation is clearly determined for
the task by its algorithm, while in Monte Carlo simulation
methods the calculation data for the simulation are randomly
generated.

This basic feature of the method gave originally the name to
this method - Direct Determined Fully Probabilistic Method —
DDFPM. The word “determined” was, however, misleading
and that is why the name was altered.

Reasons for the term "optimized" in the final naming of the
method are as follows: The number of random quantities
which are used in the calculation of the probability of failureis
limited by the ability to manage the task numerically. If there
are too many random quantities, the tasks require too much
time even if the advanced computational facilities are used.
Therefore, optimizing methods have been developed and
searched for which would reduce the number of operations and
maintain correctness of the calculation.

A. Basic algorithm of calculations

The calculation algorithm of DOProC results from basic
terms and techniques used in the theory of probability. When
DOProC is used, computational operations are performed with
histograms of random input quantities which might be
expressed by discrete or purely discrete distribution of
probabilities.

The resulting histogram, B, is any function, f (e.g., the
function of reliability for the probabilistic reliability
assessment) for the input histograms A;, where j isfrom 1 to n.
This means:

B=1(A A A A A - (1)
Each histogram A has got i; classes (intervals). The number

of classes, ij, in each histogram, A, can be different. The
number of intervals, i, in the resulting histogram, B, can differ
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as well. The number of intervals is the decisive factor for the
number of computational operations and time needed for the
caculation. The number of interval influences also
considerably accuracy of the probabilistic calculation. Fig. 1
shows the principles of numerical operations in the
probabilistic calculation with two random quantities expressed
in a histogram. This case combines two load components — this
means, the sum of two histograms.
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Fig. 1 Principles of numerical operations with two histograms
(combination of two load components)

In case of the probabilistic reliability assessment of the
construction or a structural element [4], f in the formula (1) is
given by the computational model which defines the reliability
function, RF, asfollows:

RF =R-E, 2
where R is resistance of the construction and E is the load
effect. The basic algorithm of the probabilistic task processed
by DOProC isthat shown in Fig. 2.
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Fig. 2 Basic caculation of the reliability function histogram, RF,

of two random variables using DOProC
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B. Optimizing techniques

The goa of the optimizing techniques which were
developed in DOProC is to minimize the time of calculation
because the basic algorithm is limited to a certain extent, the
being in particular, the case of extensive tasks where the
number of computational tasks is very high. If the optimizing
techniques are applied in DOProC, the result of the
probabilistic task can be determined in areal time, maintaining
the necessary correctness and sufficient accuracy even for
relatively complex probabilistic tasks.

Below are the available optimizing actions:

(a) Grouping of input variables: This technique uses only
input variables (such as the load components) which can enter
the calculation jointly and for which a joint histogram can be
prepared. This technique is well suited for situations when the
combined load consists of several components of random
variables with the same point of action. Then, only one joint
histogram can be used. This technique is applicable to similar
situations with other input quantities.

(b) Interval optimizing: This technique reduces the number
of classes of the input variables in the histograms, which the
total extent of each random input variable is maintained. This
method which accelerates the calculation is used in such a way
so that the result and correctness of the solution would not be
affected too much. First, the influence of the number of
interval of each random variable on the solution is tested.
Then, the number of intervalsis minimized.

(c) Zone optimizing: The calculation uses only those
intervals which are involved in the searched value, for
instance, the probability of failure of the construction, p; .

(d) Trend optimizing: This technique considers the suitable
direction (trend) in the calculation probability algorithm.

(e) Grouping of partial results of the calculation: Partial
results are grouped — for instance, when preparing the resulting
reliability function, RF.

(f) Parallelizing the calculation: several processors or
cores are calculating the processors or cores at the same time.

(g) Combination of the mentioned optimizing techniques.

The calculation methodology using the DOProC method
including theoretical background of the optimizing techniques
was aready theoretically processed in several publications
[6, 7]. At present a line of probabilistic tasks can be solved
using the DOProC method. For these purposes several
software means applying the DOProC method were devel oped.

For the probabilistic calculations with the possibility to
freely define the computing model and also the input random
variables the continually developed program system ProbCalc
can be used which consists of several computing modules [8,
17, 25].

A. HistAn Program

The program tool HistAn (see Fig. 3) serves for more
detailed analysis of input and resulting histograms. Using this

APPLICATION OF DOPROC METHOD FOR UNIVERSAL USE
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tool we can obtain histogram basic characteristics and also
perform simple calculations - for instance setting of functional
value with correspondent quantile and even the inversion
operation - setting of quantile for set variable functional value.
Using it we are also able to determine combinations of several
input histograms and so called summary histogram which can
be used for the so called wind rose calculations. Last but not
least histograms with parametric distribution of probability can
be compiled in the program after entering necessary
parameters depending on the applied probability division. The
program user can select from the list of twenty mostly used
types of parametric distribution of probability.
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FlgSDesktop of HistAn program: Histogram with parametric
distribution of probability and calculated quantile

Histograms with parametric or non-parametric (empirical)
distribution of probability can be formed even upon measured
data which are statistically assessed and classified in classes.
In case of parametric distribution of probability the most
suitable type of parametric distribution of probability is
recommended upon the determination coefficient for selected
data. These calculation operations can be performed in
corresponding shape even in other computing modules of the
ProbCalc system.

Histogram:  Ap, Wp

12

Fig. 4 Desktop of HistAn2D program: Behavior of two statistically
independent random quantities - cross-section area A and cross-
section modulus W,
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B. HistAn2D and HistAn3D Programs

The HistAn2D and HistAn3D applications were created to
form the so called dual and triple histograms [10] which
enable to express the statistical dependency between two res.
among three random variable quantities (for instance with
strength characteristics of building materials or sectional
characteristics, Fig. 4 and 5, [24]). The obtained
multidimensional histograms then may enter in the probability
calculations solved by the DOProC method using other
computing modules, for instance in the ProbCalc program
[23].

Histogram:  Ap, Wp

Fig. 5 Output from HistAn2D program: Dual histogram for two
statistically dependent random quantities - cross-section area A and
cross-section modulus W,
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Fig. 6 Desktop of HistOp program: Calculation of dead and long-
lasting load combination

C.HistOp Program

With histograms the basic mathematical operations can be
carried out. For instance, in case of load combinations these
mathematical operations are mostly used for summation of
histograms of particular equipment types. For performing basic
arithmetic operations with histograms the program tool HistOp
(Fig. 6) has been developed which enables to carry out the
following arithmetical operations with a pair of histograms:
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sum, difference, product and ratio of histograms, square and
absolute value of the histogram.

D.ProbCalc Program

The main computing utility of the ProbCalc system (Fig. 7
and 8) is formed by the same name program into which the
analytical transformation model of the solved probability task
can be implemented using a text oriented editor.

L. Probak - histogram of medel

ByvEE ¥BO e

Reliability level

- —-——

Puse Discrete.

Erobataty of faer

g | K @ Ly T
VESAT Parsbalicky shdoud2) pve, K2 102012, TMIY

Fagancy

Fig. 7 Desktop of ProbCalc program: Histogram of cal culated
reliability function RF under probabilistic reliability assessment
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Fig. 8 Desktop of ProbCalc program: 3D chart of calculated
reliability function RF under probabilistic reliability assessment

Among other things the optimization processes (interval,
zone and trend optimization) were implemented into the
developed software, which enable a significant reduction of
the so called calculation steps and thus also the computing
time of the calculation. These optimization techniques can be
mutually combined.

Another way of time intensity reduction of solved
probability tasks is also its paraleling. The computing
operations occurring during solution of more difficult tasks
using the DOProC methods can easily be modified in a way
they occur parallel which has been implemented also in the
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ProbCalc program. If the used computer has two or eventually
more processors or cores, the calculation time can be
substantially reduced in this way.

With more complex numerical computing models there is
the option of utilisation of user programmed procedure in form
of dynamic library (file with DLL extension). Setting of
probability task in the ProbCalc program system therefore
requires a quite advanced capability of the calculator. At least
the base of method algorithm must be known which has its
influence on the definition way of computing model and
selection of suitable optimisation technique.

If the reliability evaluation of the solved construction is the
subject of the probability calculation based on the inequality:

RF=R-E>0, ©)]
where RF is reliability function (2), R resistance of the
construction and E load effect, the calculation of failure
probability p :

p, =P(RF=R-E<0) , (4)
and also the very evaluation acc. to Eurocodes:
P < Py s (5)

where pq is design probability of failure defined in Eurocodes
then the RF anaysed reliability functions can be simply
carried out with the final histogram [16]. To the interesting
features of the program also the 3D image of the RF reliability
analysed function belongs which results in more detailed
analysis of the solved probability task.

IV. SOPHISTICATED SOFTWARE APPLYING
THE DOPROC METHOD

The shortage of a quite more challenging interface of the
ProbCalc program (which is given by the requirements for its
universal application) is removed in case of sophisticated
application software, tailored for particular probability task.
Therefore the user is no more required to complexly define the
task computational model or to select the type of required
optimization technique. It only has the possibility to enter
input variables, start calculation and analyze results of the
probabilistic task.

A. Anchor Program

The Anchor program (Fig. 9 and 10) enables to
probabilistically design and evaluate the anchored support in
mine workings which at present represents an important part of
the reinforcement method in mining, tunnelling and
underground civil engineering [9, 20]. The computing
procedure applied in this sophisticated software enables to
probabilistically design and evaluate anchor reinforcement
length, number and bearing capacity.

Also a database of input random variables forms part of the
computing module which was compiled upon measurements at
producers of anchor reinforcement elements and in mine
workings in Ostrava-Karvina coal district where the bolted
reinforcement was realised.
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Fig. 10 Desktop of Anchor program: Resulting histogram of
reliability function and reliability assessment of anchor reinforcement

B. FCProbCalc Program

In the FCProbCalc program (Fig. 11, [14, 18]) the
computing procedures for probability calculation of fatigue
cracks spreading from edge and surface of stedl cyclically
loaded construction were applied which are based on
computing model upon linear fracture mechanics [15, 21, 22].
Using the program the probability evaluation of construction
reliability can be carried out upon exact definition of fatigue
crack admissible size and definition of occurrence probability
of three basic facts related with spreading of fatigue cracks
which lead to calculation of failure probability for each
operational year of the solved construction [13, 19]. At setting
of the reliability required rate also time of the first inspection
of the construction can be set which will be focused on fatigue
damage and using the conditioned probability also times of the
following inspection checks.

The processed methodology together with the stated
application thus may substantially improve the estimation of
costs spent in maintenance of cyclically loaded constructions
and bridges.
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Fig. 11 Desktop of FCProbCalc program: Results of the probabilistic
modeling of propagation of afatigue crack from the edge

V.CONCLUSION

The development of probabilistic methods and its
application in construction reliability evaluation were pointed
out in this article with focus on newly developed probabilistic
method DOProC. The DOProC method appears as a very
effective tool for obtaining solution of probabilistic tasks,
loaded only with a numerica error and error given by
discretisation of input and output variables.

Also the developed program tools implementing the
DOProC method were stated and which are at present able to
solve aline of probabilistic calculations. The DOProC method
has shown to be suitable not only for the tasks leading to
reliability evaluation but also to other probabilistic
calculations for which also the mentioned ProbCalc software
system or other of the described sophisticated programs can be
used.

APPENDIX

A lite version of the computational modules in ProbCalc
and other software applications which are based on DOProC
can be downloaded at http://www.fast.vsh.cz/popv.
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