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Abstract: The goal of our paper is to present the application of the new discrete optimisation algorithms to
structural mass minimissing subjected to the prescribed fatigue damage or life. This study considers the
structural analysis (mainly shell structures) by finite element method, multiaxial rainflow counting, fatigue
damage prediction and sizing optimisation process. It will be analysed a mechanical systems under random
excitation in time domain. The new optimising approach will be implemented into solution program
OPTIM FAT.M (in Matlab).
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1. INTRODUCTION

A detailed review of discrete structural optimisation has been presented by Arora and Huang.
Forty years ago, the discrete optimal design of trusses subjected to stress and displacement
constraints was formulated as a linear programming or a mixed integer-continuous variable
problem using the Gomory’s method. Huang and Arora suggested interesting strategies that
combine continuous variable optimisation methods with a genetic algorithm. Discrete optimal
weight design of geometrically non-linear truss structures subjected to stress and
displacement constraints was presented by Csébfalvi. The discrete optimisation process is
characterised by following advantages: technically applied results, simplicity of optimising
algorithms, advanced effect of the comparator methods, effectiveness for unconventional
optimising approaches (fully stress design, etc.), effectiveness in the case of the very
complicated objective function and constraint conditions.

2. FORMULATION OF THE OPTIMISING PROCESS
The optimising problem of the mass minimising subjected to the prescribed fatigue damage
or life is a topical. For a structure of multiple elements, the optimisation problem of discrete
variables can be stated mathematically as follows

Fx) = p, 1 X, - min. (1)

i=1



Subjected to
D..x)-D,<0, or T.,(x)-7,20, i=12..m, (2)
there n is number of the elements, Dp is the prescribed cumulative damage, 7» is the
prescribed fatigue life in hours, Dmax is the calculated extreme value of the cumulative
damage, Tmin IS the calculated extreme fatigue life in hours. Let’s form anew penalised
objective function
F(x)=Y p,-1,- X, + 2 - min ., (3)
i=1
where the penalty function A is following
4, =0 if D..,.(x)-D,<0 or T, (x)-T,20,

4
4, =10"(k=4-9) if D (x)-D,>0 or T, (x)-T,<0. @

The penalised objective function F (x) is solved by the presented new algorithm.

3. ALGORITHMIZATION OF THE OPTIMISING PROCESS
The effective calculation algorithm for the optimization of cross-section parameters of FE
models will be presented on principle of discrete optimisation. Especially cross-section
characteristics of truss and beam elements (cross-section area, moment of inertia, etc.) or
thickness of membrane, plate and shell elements will be considered.
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By using of these finite elements the computing models of various frame structures such as
transport and operating devices can be created. As the shell elements application is widely
used in the engineering, they will be applied in the following. The certain particularity of
these elements is also the fact that from the stress view it is the case of multiaxial tightness,
what during the fatigue life computing in case of disproportionateness of the stress leads to
the already mentioned multiaxial rainflow decomposition of stress response problem. This
complicated computing process will be inbuilt and used in the presented computational
program (See on fig. 1)

4. CUMALATIVE DAMAGE PREDICTION
To calculate the structural mass is a simple problem but the fatigue damage depends on FE
analysis, identification of a “damage” critical point and multi-axial fatigue prediction. Let’s
focus on the cumulative damage counting by using multi-axial rainflow decomposition of the
stress response.

Generally, we can employ two fundamental approaches to the multi-axial rainflow
counting: Integral Approach (IA) and Critical Plane Approach (CPA).

The fundamental idea of an Integral Approach (Linear combination of stress tensor
members version) is to count raniflow cycles on all linear combinations zr(¢) of the random
stress vector components. Practically, when the stress state is biaxial (e.g. thin shell finite
element), the stress components can by written under the form of three dimension vector
o=/c,, o, T,]". A setof linear combinations

O-MRF' (t) = cl : Gx (t) + CZ ' O-y (t) + C3 ’ Txy (t) (5)
can be chosen for values of ¢; suchas ¢/ + ¢2 + ¢ =1 thus defining a sphere. The goal is

to find extreme value of the estimated damage or life for vector ¢. Subject to the normality
condition of ¢, the optimising variables vector is normalised by relation

c.
. (6)
I

Our aim is to find the optimum vector ¢, for the objective function

C=

F = max( D (c)) = max( Z N”—(c)) or

: . t
F =min(T(c)) = mm(M) [hour] , (7)
where ¢ is time interval of realisation, D is cumulative damage, T is fatigue life in hours, N; is
number of cycles to failure, n; is number of cycles at one particular stress level. By rainflow
decomposition of oygrr (t,¢c), we obtain N;(c) and n;. The searching process is realized by

computational program FEA_FAT created in MATLAB. The program includes stress analyse
by FEM and optimising procedure by MATLAB function FMINS.M.



5. FRAME DESIGNING OF THE TRACK MAINTENANCE MACHINE
The goal of this part is the optimum design of the chosen parameters of the track
maintenance machine VKL 400. It’s presented the dynamic model creation, the analysis of
vertical and transversal stochastic vibrations and the process of dynamic strength dimension.
The gist of the solution was the determination of the cumulative damage and designing of the
cross sections of the main frame.

The objective function was defined by the equation. The design variables were the
thicknesses of the sheets of the main vehicle structure. The power spectral density of the
vertical unevenness of the track we obtained from the measuring on real track. In each
optimizing step it was needed to solve stress response and the cumulative damage of the each
element group.

table 1. Design variables
Parameter X1 Xs X3 X4 Xs X6 X7 Xs Xq X0 | X11
Value [mm] 30 |20 (25 |20 |35 |35 |15 |25 |15 |25 |25

Cross-section parameters, i.e. the thickness of the weld frame plates were parameterized
(fig. 2a). Values used on the build of existing frame are applied in the initial analysis of
course. List of these values is presented by tab. 1.

Computing model on the base of FEM in the system COSMOS/M (fig. 2b) was built-
up from a virtual model created in PRO/Engineer (fig. 2a). Selected values describing
physical properties of computing model were parameterized in order to their arbitrary
changes. The goal of parameterization was to achieve the maximum variability of the model,
which related mainly to verification and debugging of this model and consequently to the
optimization process.

Fig. 2a Virtual model of analvsed vehicle frame with cross section
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Fig. 2b Finite element model of the frame in COSMOS/M
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e regarding boundary condition that maximum damage of frame will be D,=0,6

e 11 optimization variables from X; to X;; are defined.
Optimization variables can gain the discrete values listed in zab. 2. The values are standard
thicknesses of chosen plates from catalogue of company Ferona.

table. 2 Sheets thicknesses using in optimizing process

Serial number X 1 2 3 4 5 6 7 8 9 10
Thickness [mm]: 10 | 12 | 14 | 16 | 18 | 20 | 25 | 30 | 35 | 40
x10°
Follow operating conditions are assumed: e
e movement 27.000 hours on velocity 16 _ _
40km/h, 14k
e movement 18.000 hours on velocity Flkal 12
70km/h, S
e movement 9.000 hours on velocity g
100km/h. 08
The chosen results of the optimising process are 2 4 6 8 10

presented on the figs. 4, 5 and 6.
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Fig. 6 History of the optimizing process for design variables X5 - X8

6. CONCLUSION

The paper discusses the optimal mass design subjected to the prescribed fatigue life. The
suggested method of discrete optimisation is simple but effective for complicated dynamic
tasks of engineering mechanics. The problem presented in our paper, is interesting for
designers of the frame structures of the vehicles chassis, special trucks, cranes, or conveyers.
The process of the dynamic strength dimension is often more complicated as a classic static
optimization. By this way, we can solve the problems of the fatigue dimension, or service life
dimension of the structures.
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