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Abstract. This paper deals with the statistical fracture mechanical method for the optimal
design of forest machine components. The problem of optimal design includes the choice of
the objective function and independent design variables and establishment of the system limits.
The objective function is determined as the mean total cost that includes the initial cost and the
cost of failure according to the failure probability. A quasi-brittle fracture occurs under the
influence of the stationary random process of loading. Analytical equations of reliability
function estimation are obtained. The algorithm of the random search method includes an
interval reduction with regard to zone and functional constraints. The approach to the optimal
design problem solution can be applied to obtain optimal geometrical sizes and permissible
limit defect values of machine components.

1. Introduction

Forest machines failures are usually classified according to their causes in design defects, manufacture
error failure and misuse failure. Cracks usually originate in the maximum stress action zone.
Therefore, defects arise as a result of imperfection or violation of design rules, a manufacturing
process or conditions of exploitation [1,2]. It is necessary to determine geometrical sizes and ultimate
defect values of machine components during the design stage.

Optimal design of machine components is an important problem attracting interest of many experts
in Russia and abroad [2—4]. The statement of the optimization problem includes definition of the
system constrains, selection of the objective function and independent design variables (optimized
parameters) [5]. In a number of situations, it is important to achieve maximum life of a machine part
(reliability of the system). Therefore, it is better to choose an efficiency index considering both
reliability during exploitation and manufacturing cost. To minimize the total expected costs, the single
criterion design of the minimum total cost expenses is formulated as follows:

Cr (X)) =minCy (X
r(X7)=minCy(X),
when the following conditions are held:

Xmin £ X < Xhax — CONstraint zones,

F(X)<0 —functional constraints,

where X~ is the optimal value of the design parameters vector X that minimizes the objective
function; Q is the tolerance range of vector X, including constraint zones and functional constraints.

The vector of design parameters X is given by:
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X ={Xq,0e X1},
where x; are optimized parameters;

| is the crack-like defect size (length).

We impose side constraints on crack-like defect sizes (lengths), depending on manufacturing
processes. Functional constraints may be also imposed on some machine parameters such as mass,
stress-strain properties, rigidity, etc.

Mean total expected costs are:

Cr (X):Cl(x)"'ZQi -Cyi,
i1

where C; is the initial cost, Cyi is the cost of failure and Q; is the failure probability for the mode of
failure i, n is the total number of possible modes of failure.

The aim of this study is to present the fracture mechanics method for the optimal design of forest
machine components. Statistical fracture mechanics methods allow the estimate of the reliability
function dependence on crack-like defect length.

2. Materials and methods
Evaluation of the reliability function in terms of fracture mechanics. The critical plane-strain fracture
toughness Kic, determined experimentally, is assumed as the material resistance index against the
quasi-brittle fracturing under single loading [6].
The reliability function should be determined as the probability:
R=Pr(K,c —K; >0),
where Kj is the stress intensity factor.
We know [7, 8] that:
K,=Y(1)-o-vr-I,
where Y(I) is a dimensionless geometry factor, depending on the machine part shape and crack’s
length (semilength); o is the maximum applied stress; | is the crack length (semilength).
By assuming that the stress on the machine part is a stationary random process o(¢) with mean G
and spectral density S, (), the stress intensity factor can be formulated:

K () =Y () -vr-1-o(t).
It is evident that spectral density of the stress intensity factor:
Sk(@) =Y, ()Vz-1-S,().
If K,(t) —a differentiable stochastic process:
dK, (t)
o(t) = it
It is necessary to estimate the probability of the situation when the random process K, (t) exceeds the

bounds of Kic i.e. it will cross the given level (Figure 1).
Kift)

A
L dt
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Figure 1. Sample of random process K, (t) .
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In general terms the mean number of Kic level crossings (overshoots) during time 7 [9]:
T
N+(r)=IPKIC (t)dt,
0

where Py, (t) — temporary probability density. Temporary probability density Py, (t) presents the

mean number of overshoots by the random stationary process K (t) per time unit.
In case of a random stationary process ( Py, (t) =Py ):

N+(T) - T‘PKIC .
In case of Gaussian random stationary process:
Kic —K,)? K -K,)?
N+(T):T.i.6_1’.exp _% :T&exp _M ,
21 ok 20k
where K, — the random process mean value:

ci — the random process dispersion:

GZK = | Sk(w)do;

o—38

612) — the random process rate of dispersion change;

o, — the effective frequency of the random process:
1/2

J.ooZSK(m)dco
0

W, =
e
02K

in this case:
N2 = 12
Kic —K Kic —K
PK|C:&‘9XD _( IC . 1) =i-exp _( IC > 1) '
2n 20y Te 20k
If the mean number of overshoots N, (z) is rather low, we can consider overshoot appearances as

statistically independent events following the Poisson distribution law [10]. Therefore, the reliability
function is estimated under the condition that none overshoots occur during time 7 :

R(E) = exp(- N, (7)) = exp[— [P @t
0

In case of Gaussian random stationary process:

72
R(T):expl:_r.&.exp _M ]
2n

2
20k

The failure probability:

N2
Q(7r)=1-R(zr) =1—-exp —T-&-exp[—(K'C—_ZK') ]]

2n 20
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3. Results and discussion
A great many algorithms of optimal problem solution are based on direct search methods. An
algorithm of the random search method with an interval reduction can be used to solve the original
problem [5]. Statistical modeling of the optimized parameters vector X is possible by using Monte
Carlo technique simulation:

X = (xll;x%;...;xrln;l ! );

1 1 1 1

Xj = Xjmin *Tj '(ijax_xjmin)v

1

where r; is a generated random number; xjmax,x}min are upper and lower bounds of optimized

parameter ;.

If the obtained vector Xl1 is contained in the acceptable region Q, including constraint zones and
functional constraints, then the objective function value can be defined:
ct=c,(x1).
The optimization method allows performing computations in accordance with the given number of
random tests NV to obtain values of objective function CT2 s e CTN .

Therefore, the value XT of the optimized parameters vector that minimizes the objective function

CT'* =C; (XT) is obtained. This value is entered for storage and is used as the starting point of the

next set of tests; at the same time the boundaries of a new interval are reduced.
Using the same procedure, let us perform k test sets and obtain:

* * * . . * k* *
The number of test sets depends on the required accuracy of objective function calculations A:

lcr (xi)-cr (xiy | <a.

4. Conclusion

The proposed approach to the design problem enables us to obtain optimal geometrical sizes and
maximum allowable defect values of machine components. The statistical optimization allows us to
give recommendations for engineering of forest machine and equipment elements in terms of fracture
mechanics.
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