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GENERAL DESCRIPTION OF THE THESIS
Topicality of the theme

Metamodeling is a new scientific current in the
theoretical and experimental engineering science and
mechanics. This method allows obtaining information
about the structure of the investigated object by
analyzing solely the registered output measurements of
this object (machine, mechanism, technological process),
and identifying both the mathematical model of the
object and its input parameter values, using both natural
experiments and computer experiments with different
mathematical modeling software (ANSYS, ADAMS,
LSDYNA etc.). It is particularly important to develop
and verify the metamodeling methodology for dynamical
processes where the experiment responses are time
functions rather than numbers.

The subject of the thesis is related with the earlier
research conducted by the scientists of the Scientific
laboratory for Machine and mechanism dynamics
problems of the Riga Technical University Institute of
Mechanics for the Ministry of Education and Science,
Latvian Council of Science and international EU 6™ and
7th framework programs scientific projects (Aurora,
COCOMAT, INTERSHIP, FRIENDCOPTER, etc.).

Working on the thesis required the further
developing of the methodology of experimental
mechanics and modeling created in the RTU, applying it
to the analysis of construction material production — the
vibropressing technology of concrete forming, and the
optimization of its various elements.



The goal of the paper

The goal of the doctoral thesis is the development of
experimental optimization methodology for dynamic
systems, applying it to the concrete vibropressing
technology.

Research tasks

1. Development of experimental  optimization
methodology for dynamic systems.

1.1. Approximation of the response function for
dynamic processes.

1.2. Creation of optimal experiment designs.

1.3. Creation of metamodels for the dependence of
the response function to the input factors.

1.4. Multicriterion optimization.

2. Applying the developed methods to concrete
vibropressing technology.

2.1. Creation of a simplified metamodel for the
vibropressing compacting process (description
of the curve with 3 parameters).

2.2. Creation of an experimental device, conducting
experiments.

2.3. Creation of a full metamodel for the
vibropressing process.

2.4. Formulating the multiobjective optimization
goal functions and constraints, conducting
optimization..

2.5. Verification and validation of results.

6



The scientific novelty of the thesis

Working on the thesis requires the further
developing of the methodology of experimental
mechanics and modeling created in the RTU, applying it
to the analysis of construction material production — the
vibropressing process of concrete forming.

The practical value of the thesis

The further application of the developed
methodology for the dynamic optimization of various
mechanical systems, including vehicle elements. It is
relatively simple to analyze and optimize a dynamical
process (transitional process or stationary mode), using
the metamodeling approach on the basis of the algorithm
developed in this paper (Fig. 5). For example, a similar
approach may be employed for such dynamic processes
as the automobile braking process (choosing the
automobile mass, initial speed and friction coefficient as
the input data, and the braking trajectory as the output),
the aerodynamics of a bullet leaving the barrel (using the
bullet mass, dimensions, shooting speed as input data and
the flight trajectory as the output data), etc. A
methodology of this type allows significantly shortening
the time required for design and helps in perceiving the
essence of the dynamical process.



The presentation includes

The developed metamodeling methodology for
the analysis of dynamical systems which
includes:

1) creating a simplified model for the dynamic
transition process with a finite number of
parameters,

2) choosing the input factors for the dynamic
process,

3) creating and conducting experimental designs
for natural and numerical experiments,

4) creating the process metamodel, using
parametrical and non-parametrical approximation
methods,

5) conducting the multiobjective optimization of
the process,

6) verification and validation of results.
Application of the methodology to the analysis
and optimization of the concrete vibropressing
process.

Metamodels  created for the  dynamic
(vibropressing) process forming relationships.
Metamodels created to describe the dependence
of the compacting process parameters on the
parameters of the technological process.

Using the metamodeling approach, the
multiobjective optimization of the vibropressing
process was carried out.

An algorithm for applying metamodeling to the
analysis and optimization of dynamic systems
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CONTENT OF THE PAPER

In the first section information is summarized about
the metamodeling methodology [1, 8, 10, 11, 17],
including experiment design and analysis [2, 3, 5, 6, 12,
16], reviewing several approximation techniques [2, 3, 7,
9, 16, 17]. The optimization methodology and
formulation of the optimization task is discussed [2, 4,
13, 14, 15, 18], as well as the solution possibilities for the
multicriterion optimization [13, 14, 15]. The concrete
sample forming vibromolding process is used as the
dynamic system which is analyzed by applying the
metamodeling methodology. The exogenous parameters
of the reviewed dynamic system are manageable, while
the endogenous parameters contain random dispersion.

In order to provide an introduction to the character of
the researched material of the dynamic system, a short
review of the structure and properties of concrete is given
[19, 20].

In the second section a metamodel is created for the
vibromolding process, as well as an experimental design.
To implement the experimental design, it was necessary
to design and create experimental equipment using the
SolidWorks software, which was also included in this
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section. The concrete mortar content is determined for all
further experiments. While conducting the experiment,
all the experiment measurement data was gathered and
compiled in tables. The concrete samples were first
formed, changing the vibropressing process parameters
according to the developed experiment design, repeating
each attempt at least three times, then after 28 days these
samples were demolished. Then all the data obtained
during the experiment was processed with the goal of
eliminating the results that contain large errors. The
values of the measurements containing large errors were
significantly different from the other measurements.

The strength values of the selected samples after the
processing of the results allow a more precise
determination of the samples that were formed by
identical vibropressing process parameters. These were
the values that were used as a basis for further
development of the methodology for the metamodeling
and optimization of the concrete block vibropressing
process.

In this section the first phase for the methodology of
applying metamodeling to analysis of dynamic systems
was developed. The algorithm for the phase of the
methodology developed in this section is shown in the
figure 1.

In the second section the input and output factors of
the experiment are chosen, the experimental device is
created and the screening of experiments is carried out.

The first phase of the developed methodology
includes the verification and validation of the results in
case of necessity, to obtain improved precision. It is
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Fig. 1. Algorithm for the phase of the methodology
developed in this section

possible that improvements for the creation of the
approximation model are necessary, as well as changes

and additions in the experiment design.

In the third section, on the basis of the obtained
experimental data a response function metamodel is

created for the dynamic process (figure 2).
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Afterwards the influence of each vibropressing
process variable parameter on the strength of the
obtained samples is reviewed to form an idea of the
character of the process itself and to find out whether
clear relationships exist between the input and the output
data.

Using the EDAOpt software [2], metamodels have
been created for the dependence of the sample strength
on the compacting process parameters according to the
polynomial  regression quadratic and  Kriging
approximation methods; the results were compared with
each other, taking into account the value of the
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crossvalidation error for the Kriging approximation —
7.3%, and the polynomial regression crossvalidation
error — 25.6%. Using the Mathcad software, the quality
of the adjustment of the polynomial regression quadratic
approximation metamodel [16] was verified for the
obtained data according to the Fischer criterion.

The approximation coefficients necessary for further
multiobjective optimization were determined.

The algorithm for the phase of the methodology
developed in this section is shown in figure 2.

In the fourth section, on the basis of the
characteristic parameters of the chosen dynamic process
and bearing in mind the characteristics of the
vibropressing process, the goal functions and boundaries
of the multiobjecive optimization were determined. In
order to optimize the vibropressing process, the
following criteria are proposed:

1. Process duration, (t, s) — min;

2. Consumed energy, (W, J) —min;

3. Compacting characteristic parameter, (C,, mm) —
max;

4. Molding force fo — min;

5. Sample strength after 28 days, P (MPa) —max;

6. Product costs (Ls) —min;
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Using the EDAOpt software, the solutions for
multiobjective optimization tasks were found in the
Pareto frontier and Pareto surface [13, 14, 15]
interpretation.

The section includes a Pareto frontier (Fig. 3) and
surface analysis. Analyzing figure 3, we may observe
that the obtained Pareto frontier dramatically changes its
slant in the c region, it becomes flatter. It is precisely in
this region that a strength of concrete samples may be
obtained that is equal to approximately 55 MPa — which
iIs about 44% greater than the average value of the
samples, without consuming an amount of energy
exceeding 2000 J in the given case.

The algorithm for the methodology developed in this
section is given in Figure 4. This algorithm also includes
result verification and validation, if it is necessary to
improve, make more accurate or modify the goal
functions and boundaries.
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In the fifth section a total definition is given for the
methods of applying metamodeling to the analysis and
optimization of dynamic systems. An algorithm of the
methodology (Fig. 5) is created in the form of a block
diagram, on the basis of the previous sections, and the
process of the developed methodology is described.
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CONCLUSIONS

1. The doctoral thesis includes a comprehensive
literature analysis in the fields of dynamic system
metamodeling, experiment design and analysis,
multiobjective optimization, as well as the technological
processes of high durability concrete forming.

2. The metamodeling methodology for the analysis of
dynamic systems has been developed, including 1)
creating a simplified model for the dynamic transition
process with a finite number of parameters, 2) choosing
the input factors for the dynamic process, 3) creating and
conducting experimental designs for natural and
numerical experiments, 4) creating the process
metamodel, using parametrical and non-parametrical
approximation methods, 5) conducting the multiobjective
optimization of the process, 6) verification and validation
of results.

3. The methodology has been applied to the analysis and
optimization of the concrete vibropressing process.

4. Concrete vibropressing experiments have been carried
out with material dynamic testing equipment, and the
strength of the samples has been determined.

5. Metamodels have been created for the dynamic
(vibropressing) process forming relationships.

6. Metamodels have been created to describe the
dependence of the compacting process parameters on the
parameters of the technological process.

21



7. Using the metamodeling approach, the multiobjective
optimization of the vibromolding process was carried out
— as a result, it is possible to understand what is the
minimal energy consumption required to achieve sample
strength that is 44% greater than the average sample
strength value.

8. Further directions of work — developing the
metamodeling methodology for other dynamic processes
where the experiment responses are stationary and non-
stationary processes.
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