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Abstract

The goal of this work is the development of an efficient gradient-bassttiod for topology optimization of continuum structures with
the objective of minimizing mass while taking finite-life high-cycle fatigue ¢mists into account. The topology optimization uses
a density approach and the fatigue constraints are formulated usingreatvigner’s linear damage hypothesis, S-N curves, and the
Sines fatigue criterion. The large number of local fatigue constraintgliscesl by using aggregation functions, and by making use
of the accumulative damage rule, an efficient adjoint sensitivity andlyslisrived where the amount of adjoint problems to be solved
is independent of the amount of cycles in the load spectrum. The agpi®éimited to linear elastic problems, proportional loading
conditions, and quasi-static structural analysis, and the implementationeédala2D continua. A number of benchmark examples are
presented and compared to mass minimized designs with constraints bfisgmstresses.
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1. Introduction stiffness of a void region. The element reference sidessaused
by the reference load can be found by:
In this work the goal is to take fatigue constraints into accounts, = z.(x)EB1. 3)

in density based topology optimization of continuum structures
The inclusion of local constraints in terms of fatigue damage con—, > " = - A

straints is challenging due to the large number of very nonlineapt' &in-displacement matrix, and the expongntc 1 is intro-
constraints combined with the high number of design variables(.j.uced to address the singularity phenomena by relaxing the de-
The same computational challenge is faced for stress constrainé@nBSpa%e [1, ﬁ]' ¢ luti btained f h ref
topology optimization, where the traditional approach is to group 4 al_se ont le re _erenC(Ie_ S(? futhI:]O tained for each reference
the many local constraints into few global stress constraints by?2d: 'Inear scaling is applied for the time-varying quasi-static
use of aggregation functions. The same approach is taken in th oportional loading condition, and the a”.‘p"t“de and mean
work, and by the development of an efficient adjoint sensitivity Isplacement and stress values are determined from traditional

analysis it is demonstrated that the computational cost associatéa'nﬂow'count'ng‘ The stress-based Sines criterion is applied as

with fatigue constraints is only slightly increased compared to? multi-axial fatigue criterion in order to obtain an equivalent uni-

stress constraints in case of proportional loading conditions. axial stressy, for a gven stress cycle This equivalent stress
can be related to an estimated amount of cycles to faiNuge

) using Basquin’s equation that represents a log-log straight line

2. Outline of the approach S — N relationship. Expressed in stress reversals,She N

curve is given by:
The approach is limited to linear elastic problems, propor-_ / b )

tional loading conditions, and quasi-static structural analysis@e; = 0 f(2Nei)”, Ve, 4)

Thus, the vector of global reference displacemeéntaused by o0 o, is the fatigue strength coefficient ands the fatigue

the reference load vectd? is found by solving the equilibrium  gtrength exponent, corresponding to the slope of the log-log

state equation: S — N curve. This material-specific equation adds a very large

K (% (x)) i = p 1) non—linear_ity to the analysis. In order to gccum_ulate the damage
for the entire load spectrum, Palmgren-Miner’s linear damage hy-

wherex contains density variables. for each element andx  Pothesis is applied, such that the accumulated fatigue daiage

are filtered density variables obtained using standard density filn elemente is found by collecting all the fractions of damage

tering. K is the interpolated global stiffness matrix computed us-De; caused by each load cycle

E is the constitutive matrix for full material densit§ is the

ing a modified SIMP approach where a penalization fagter3 nRF nRE
is applied when interpolating the modulus of elastidity by: D, = Z D., = cp E NZ <, Ve (5)
i=1 i=1 ¢t

E. (Ze (%)) = Emin + Ze(xX)? (Eo — Epmin), x € [0;1 2 )

(Ze (x)) ()" (Eo ) ;1] () Here n; is the amount of reversals for all stress cycles=

E) is the Young’s modulus of the isotropic material afigl;, < 1,...,nrr, andcp is a scaling parameter making the load his-
Ey is a lower bound on the modulus, representing the materiajory representative of the entire lifetime. The upper limis set
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to 1, and a global fatigue constraint is introduced by combiningcaused by the loading condition, which is not fully reversed. For
all the element fatigue damages using a P-norm function. comparison, the von Mises stress distribution is also shown for
The analytical sensitivity analysis is derived using the adjointthe fatigue constrained problem in Figure 1 f). The distribution

approach, and the need for solving the adjoint equation for eactf element fatigue damages is seen to be very uniform, thereby
stress cyclé is eliminated by solving for the sum of all scaled La- demonstrating the success of the optimization, see Figure 1 g). It
grange multipliers. This makes it possible to solve for very largeis seen by the iteration histories in Figure 1 d) and h) that sev-
load series without a significant increase in computational costral more design iterations are needed for the fatigue constrained
and the approach is easily implemented for other stress-based faroblem which is due to the increased nonlinearity of the prob-
tigue criteria. lem.

3. Numerical Example 4. Concluding Remarks

A 2D double-L shaped membrane structure is considered in A general method for finite-life fatigue optimization in case
order to demonstrate the difference between stress constrained proportional loading conditions that includes the entire high-
and fatigue constrained minimum mass designs, see definition afycle fatigue analysis directly in the optimization has been pre-
problem in Figure 1 a). The plate has a thickness #10.02 m,  sented. Only one adjoint vector per constraint equation has to be
and the material applied is AlSI 1020 HR steel. The material valsolved for every reference load vector. The method is not lim-
ues are taken from [3]. The static reference load applied for théed to 2D applications, and it is generic in the sense that other
stress constrained examplefls= 75 kN, distributed onto six  Stress-based fatigue criteria can be applied.
elements at the vertical edge. In the fatigue constrained optimiza-
tion the load spectrum contaihs= 1, 000 loads, and is defined References
by Py = rand(P,—P/2),Vk. The default random number gen-
erator in MATLAB is applied, such that the loading conditions [1] Bruggi, M., On an alternative approach to stress constraints

can be recreated. The damage is scaled with= 10, 000. The relaxation in topology optimizationSruct. Multidiscip.
design domain is discretized using a discretizatio®,of64 4- Optim., 36, pp. 125-141, 2008.

node bilinear elements and the aggregation function is assigned a

high P-norm value ofP = 12. [2] Le, C., Norato, J., Bruns, T., Ha, C., and Tortorelli, D.,

The von Mises constrained design yields, as expected, a  Stress-based topology optimization for continuruct.
symmetric design that minimizes the stress concentrations at the  Multidiscip. Optim., 41, pp. 605-620, 2010.
edges, see Figure 1 b)-c). The fatigue constrained design is asym- .
metric, and there is no connection to the upper fixed boundary, sed3] Stephens, R.I., Fatemi, A., Stephens R.R., and Fuchs, H.O.,

Figure 1 e)-f). This is due to the difference in mean stress effects g/loe(t)%] Fatigue in Engineering, 2nd ed., John Wiley & Sons,
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Figure 1: Double-L membrane problem. The results from the strestredgmed optimization are given in b), ¢) and d), while results
from the fatigued constrained problem are given in e), f), g) andhoth cases the mass is reduced to 15% of the full density design.



