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Abstract

In this paper, the approaches of anti-fatigue design are briefly reviewed and are classified into three groups: nominal stress
approach, local stress—strain approach and stress field intensity approach. Two types, each with two notches, are specially designed
and a total of 30 specimens with 4 dimensions are tested under different constant-amplitude loading. These specimens are also
analysed with elasto-plastic FEM to obtain stress—strain distributions and stress concentration factors. Fatigue life is estimated based
on the different approaches. Experimental and analytical results show that the assumption of stress field intensity is more reasonable
than that of the other approaches. © 2001 Elsevier Science Ltd. All rights reserved.

Keywords: Design against fatigue: Nominal stress approach; Local stress—strain approach: Stress field intensity approach: Fatigue experiment

1. Introduction

Metal fatigue is a complicated phenomenon which
depends on many factors, and up to now the description
of fatigue crack initiation has been left for further inves-
tigation. Notches in engineering structures are always the
critical places for fatigue failures, so the prediction of
fatigue life or fatigue strength of notched elements is the
key point of the structure design against fatigue. In the
history of fatigue research, many approaches [1,2] for
the prediction of fatigue life of notched elements have
been developed. Most of the approaches can been classi-
fied into three types according to their assumptions:
nominal stress approach (NSA), local stress—strain
approach (LSSA) and stress field intensity approach
(SFIA). In this paper two types of specimens, each with
two notches, are designed and tested under different con-
stant—amplitude loading to see which assumption of the
approaches is the most reasonable.

2. A brief review of the approaches

The approaches for prediction of fatigue life have
been reviewed in detail in some of the literature [1-3].

* Corresponding author. Tel.: +86-25-489-2177; fax: +86-25-489-
1422.

E-mail address: wxyao@nuaa.edu.cn (W.X. Yao).

Most of the approaches can be classified into the follow-
ing three groups: NSA, LSSA and SFIA.

2.1. Nominal stress approach (NSA)

The assumption of the NSA is that the fatigue life of
elements with different notches is the same if these
notches have the same theoretical stress concentration
factors and are under the same loading history (Fig. 1).

Obviously the nominal stress S and theoretical stress
concentration factor Ky are the control parameters in this
approach. But in practice, the fatigue life predicted by
this approach is far removed from the fatigue life
obtained by fatigue experiments in most cases. Many

S 5 S
t 15 ¢S

O

:>KT Q K,

\ \ i

Fig. 1. Nominal stress approach.

0142-1123/01/% - see front matter © 2001 Elsevier Science Ltd. All rights reserved.
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Fig. 2. Local stress—strain approach.
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other models, such as the stress severity factor (SSF),
effective stress method, and detailed fatigue rating
(DFR), belong to this approach [1].

2.2. Local stress—strain approach (LSSA)

The assumption of the LSSA is that the fatigue life
of elements with different notches is the same if the local
stress—strain histories at the roots of the notches are the
same (Fig. 2).

The LSSA is a point criterion. The local stress and
local strain are the control parameters of fatigue life of
notched elements [4]. Many kinds of LSSA have been
formed with the combination of the cyclic stress—strain
relationship of the material, the strain-life curve of the
material, the fatigue damage cumulative rule and the sol-
ution of the local stress—strain at the notch.

In practice, the fatigue life estimated based on the real
local stress and strain is lower than the fatigue life
obtained by the fatigue test, so usually the fatigue notch
factor K; is used to calculate the local stress and strain
in Neuber’s equation instead of theoretical stress concen-
tration factor K. Many researchers [5] have made efforts
to estimate the K, accurately, and Peterson’s equation is
the most popular method [6].

b=

-
{OF

Fl

Fig. 3. Stress field intensity approach.

2.3. Stress field intensity approach (SFIA)

The assumption of the SFIA is that the fatigue life of
the elements with different notches is the same if the
stress field intensity histories are the same (Fig. 3) [7-9].

SFIA defines the stress field intensity o as:

1 =
oFijf(c,j)(p(r)dv (1)

Q

where () is the fatigue failure region and V is the volume
of {1 which only depends on the material, flg;;) is the

failure function and @(7) is the weight function. A brief
discussion of Eq. (1) follows.

2.3.1. The fatigue failure region {)

From the point of view of the fatigue mechanism,
crack initiation generally occurs within the local region
near the surface of the specimen where stress increases.
This region is several grain sizes in extent. So the size
and form of €} depend on the material.

2.3.2. The failure function f(c;)

flo;;) is the function to describe crack initiation under
multiaxial stress, and may be different for different
materials. For example, Von Mises’ equivalent stress is
used for elasto-plastic materials, such as carbon steel,
aluminum alloy and titanium, and maximum major stress
is used for materials such as cast iron and cast steel.
flo;) contains the effect of multiaxial stress near a notch,
so the SFIA can deal with fatigue strength under multi-
axial loading.

2.3.3. The weight function ¢(r)
The weight function ¢(7) physically means the contri-

bution of stress at Q to the peak stress at |7|=0.

1. 0=¢(r)=<1 and ¢(7) is a generalised monotonically

decreasing function about

=
2. (0)=1 which means that the contribution of the

stress at the notch root is maximum;

3. when the stress gradient G=0, ¢(7)=1, which is con-
sistent with the condition of smooth specimens.

@(r) is not only related to notch geometry and loading
type for isotropic materials, but also to material proper-
ties for anisotropic materials. It can be obtained analyti-
cally or numerically and as an approximation of first
order the following expression is used in this paper:

@(r)=1—cr(1+sinB) (2)

where ¢ is a factor related to stress gradient.
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Table |
A brief comparison among the three approaches

Failure place

Stress concentration Notch root Local region near notch
NSA LSSA SFIA
Control parameters K+ and nominal stress K.S Local stress and local strain KS Stress field intensity O
and 0,
Material properties S-N curves under different K+ and  Cyclic o€ relationship Cyclic o—¢ relationship S-N or
R e-N, curve (K+=1) £-N, curve under K;=1

Table 2
The chemical and mechanical properties of aluminum alloy LY 12-CZ

(a) Chemical properties of aluminum alloy LY 12-CZ

Elements Cu Mg Mn Fe Si Zn Ni
Wt% 4.61 1.54 0.58 0.29 0.26 0.10 0.024

(b) Mechanical properties of aluminum alloy LY 12-CZ

Young's Modulus E (MPa) Ultimate strength o, (MPa) Yield strength oy (MPa)
71022 466 343

2.3.4. The failure criterion

For a smooth specimen, K;=1, G=0 and then ¢(r)=1.
The stresses in the smooth specimen are equal every-
where, i.e. flo;)=constant. According to Eq. (1),

or=f(0;;). Obviously, when oy=f(0,)=0y, fatigue failure (a)

occurs for a smooth specimen. Because Eq. (1) is univer- + R
sally applicable to notched specimens as well as to @ uas S
smooth ones, the failure criterion can be written as:
Op =0y (3) 130 | - ! 130
5 SEiI;:n DH-A DH-B
5 - ameter @ (mm) 26 20
2.4. A brief comparison among the three approaches ::M:(EM:'T 65 9
us R (mm) 1§ 3
. B b
From the above discussion it can been seen that the (o) .,-ﬁ(f—lg_h,
assumptions of the three approaches are different, and ‘ $14

52

| 5.8

also different. Table 1 gives a brief comparison of the
three approaches.

the material properties required for each approach are IL
I

300

1

(c)
3. Experiments ®

3.1. Specimens

Two types of specimens are specially designed and
tested under different constant-amplitude loadings to ]‘:‘50—4
verify the assumptions of the approaches. f !

Specimens are made from aluminum alloy LY 12-CZ ) ) )
plate with thickness of 2 mm. The chemical and mechan- ::[')gN_;k) ((‘:)) Bzzaz:zli;ﬁ?:?;{;s?ggg))) Duuzleoarciy speeimin
ical properties are listed in Table 2. They are cut longi- ' " '




274

Table 3

Experimental results of the double-hole specimens

W. Yao et al./ International Journal of Fatigue 23 (2001) 271-277

Specimen Loading (MPa) Frequency (Hz) Fatigue life E:Zﬂ?:;’e “hEre Lie Erack
DH-AOI 80 12 122 734 One side of the hole
DH-A02 80 2 113 000 One side of the hole
DH-A03 80 12 169 235 One side of the hole
DH-A04 80 12 144 708 One side of the hole
DH-A05 80 12 122 469 One side of the hole
DH-A06 80 12 143 164 One side of the hole
DH-A07 150 6 15900 One side of the hole
DH-A08 150 6 18 952 One side of the hole
DH-A09 150 6 18518 Both the side of the hole
DH-A10 150 6 16 426 One side of the slot
DH-AI1 150 6 15 649 One side of the hole and one side
of the slot
DH-A12 150 6 17 741 Both the side of the hole
DH-BO1 98 14 136 600 One side of the slot
DH-B02 98 14 181 890 One side of the slot
DH-B03 98 14 166 300 One side of the slot
Table 4

Experimental result of the double-notch specimens

Specimen Loading (MPa) Frequency (Hz) Cycles to failure The places where cracks initiate
DN-AOI 78.4 20 335530 One edge notch
DN-A02 78.4 22 143 440 One edge notch
DN-A03 78.4 22 192 950 One edge notch
DN-BO1 80 8 73 320 One side of the hole
DN-B02 80 8 74 962 One side of the hole
DN-B03 80 8 76 178 Both the sides of the hole
DN-B04 80 3 67 342 One side of the hole and one
notch
DN-B05 80 8 74 694 One side of the hole
DN-B06 80 8 90 205 Both the sides of the hole
DN-B07 100 6 33241 One side of the hole
DN-B08 100 6 33919 One side of the hole
DN-B09 100 6 26 285 Both the sides of the hole
DN-BI10 100 6 47 784 One side of the hole
DN-BI11 100 6 19 336 Both the sides of the hole
DN-B12 100 6 25500 One side of the hole
tudinally from the same plate to diminish scatter. A dou-
ble-hole specimen has two separate notches, one is a hole
Table 5 and the other is a slot [Fig. 4(a)]. A double-notch speci-

Cyclic stress—strain curve of aluminium alloy LY 12-CZ

Stress (MPa) Strain Stress (MPa) Strain

0 0 371 0.01300
249 0.00356 382 0.01800
309 0.00450 396 0.02500
327 0.00500 415 0.04000
337 0.00550 451 0.08000
348 0.00700 462 0.10000
355 0.00850 466 0.11500
361 0.01000 470 0.01510

men has three separate notches, one is a central hole and
the others are edged notches [Fig. 4(b) and (c)].

3.2. Experiment

The experiment is carried out at the MTS 810. For
the 12 DH-A specimens, 6 specimens are tested under
a nominal stress of 80 MPa, other specimens under 150
MPa, and 3 DH-B specimens are tested under 98 MPa.
The experimental results are listed in Table 3. Three
specimens labelled DN-A are tested under a constant—



Table 6

Analytical results of the specimens (stress: MPa)

W. Yao et al. / International Journal of Fatigue 23 (2001) 271-277

(58]
wn

Specimen Ky (gross) K+ (net) K Loading § O Ori

The hole of specimen DH-A 3.61 2.27 2.19 80 286.11 247.62
150 363.55 320.06

The slot of specimen DH-A 3.96 3.42 2.68 80 297.66 239.33
150 366.55 319.24

The hole of DH-B 342 2.44 2.34 98 316.64 276.06

The slot of DH-B 3.50 215 243 98 341.40 279.23

Hole of DN-A 1.64 1.64 1.51 78.4 253.47 224.12

Edge-notch of DN-A 1.74 1.74 1.57 78.4 266.53 230.10

Hole of DN-B 2.04 2.04 1.99 80 303.91 261.89
100 378.86 298.93

Edge-notch of DN-B 2.08 2.08 1.71 80 309.31 250.45
100 386.65 292.40

* K, is calculated based on Peterson’s equation, and the constant o,=0.63 [11].

Table 7

Estimated and experimental fatigue life

Failure place LSSA (Neuber) NSA SFIA Experiment (average)

The hole of DH-A $=80 MPa 42053 706 891 202 770 135 885

5=150 MPa 1963 46 212 32713 17 352

The slot of DH-B 5=98 MPa 46 509 780 981 96 746 161 597

Edge-notch of DN-A  §=78.4 MPa 78 487 495 669 295 802 223973

Hole of DN-B $=80 MPa 33302 329 583 146 617 76 117

S$=100 MPa 11926 124 903 58 487 31011

amplitude loading of 78.4 MPa. For the 12 specimens
labelled DN-B, 6 specimens are tested under a nominal
stress of 80 MPa, and the other specimens under 100
MPa. The experimental results are listed in Table 4. The
fatigue life listed in the Tables 3 and 4 is the number of
cycles to a crack size of about 0.5 mm, which is determ-
ined by microscopic monitoring during the experiment,
and fractography after the experiment.

3.3. Analysis

NASTRAN was employed for elasto-plastic FE analy-
sis to calculate the stress—strain distribution and stress
field intensity oy, of the specimens. The cyclic stress—
strain curve, which is listed in Table 5, is used in the
elasto-plastic FE analysis. The analytical results are
listed in Table 6. Von Mises effective stress is taken as
the fatigue failure function f{lo;) and the size of the
fatigue failure region for LY 12-CZ aluminum is 0.185
mm [10] in calculating SFI oy, with Eq. (1).

Fig. 5 presents Von Mises stress distribution along the
line at the minimum width of the double-hole specimens.
It can be seen that the maximum stress is at the edge of
the slot, but the stress decreases faster, so the stress field
intensity of the hole is larger than that of the slot. Fig.
6 presents Von Mises stress distribution along the line
at the minimum width of the double-notch specimens.

The maximum stress occurs at the edged notches, but
the stress decreases faster, which means that the stress
field intensity of the central hole is larger.

Table 7 presents the fatigue life predicted by the dif-
ferent approaches. Miner’s rule is used in the prediction.
The S—-N curve for the NSA is listed in Table 8 and the
strain—life curve e—N; for LSSA is expressed by Eq. (4).

log(euecleiq)}

log(e /€.) bl

logN,=A,+A tan h“{

) ) O s I=m )
where effective strain Ecq=(2€“)'"("—nElﬁ) s Oz 15

maximum local stress, m=0.4, A,;=3.4328, A,=2.7551,
£,=0.053, and £.=0.0135 are material constants.

4. Discussion

Comparing the analytical results with the experi-
mental results, it can be seen that stress gradient is a
very important parameter for the prediction of fatigue
life, as well as the peak stress. In fact this argument had
been put forward several decades earlier [12] and many
models developed to find a way to take into consider-
ation the two factors properly. The SFIA is one new such
model which gives a parameter Op, as the intensity of
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Fig. 5. (a) The stress distribution at the minimum width of the speci-
men DH-A (S=80 MPa). (b) The stress distribution at the minimum
width of the specimen DH-A (§=150 MPa). (c) The stress distribution
at the minimum width of the specimen DH-B (5=98 MPa).

the stress field near the notch. For the double-hole speci-
mens DH-A and DH-B, the maximum stress at the roots
of the slots is larger than that at the roots of the holes
(Table 6), but the fatigue crack initiated at the root of
the hole (Table 3). For the double-notch specimens DN-
A and DN-B, the same conclusion can be obtained from
Tables 4 and 6.

For specimen DH-A, the SFI of the hole is nearly the
same as that of the slot under load $S=150 MPa, which
means that the fatigue cracks initiated at the slot of two
specimens and at the hole of five specimens. Among
them, fatigue cracks initiated at both the hole and the
slot almost simultaneously for specimen DH-AT11.

The fatigue life predicted by the SFIA is closest to

B w0

250 ¢,

200 .

150 B v

-(MPa)

50N

Hole 3 =

s

Fig. 6.

specimen DN-B.

Table 8

26

36
x(mm)

S—-N curve of aluminum alloy LY12-CZ (R=0.1)

46

‘ ed
Notch

(a) The stress distribution at the minimum width of the speci-
men DN-A. (b) The stress distribution at the minimum width of the

Stress S (MPa)

Cycles to failure N

400 2560
350 19100
300 83976
250 311050
200 572 296
180 600 260
170 846 313
160 1309 410

the experimental results on the average because the S—
N curve and the cyclic stress—strain curve are with 50%
survival. The prediction of fatigue life by the LSSA is
good for low-cycle fatigue, and prediction by the NSA
is much more conservative.

5. Conclusions

The following conclusions can be drawn according to
the above experiments and analysis.

1. The maximum stress at the root of the notch is not
the control parameter of fatigue crack initiation,
because the stress gradient plays a very important
role.

2. Stress field intensity Oy is the control parameter of
fatigue crack initiation since the peak stress and the
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Applying object-oriented program technique in the optimum structura] design :

Jin Haibo Ding Yunliang
(School of Aeronautics and Astronautics, Nanjing University of Aeronautics and Astronautics, Nanjing 210016)

1. Abstract

OOP (Object-oriented program) can be used to improve the structural optimization design and FEA (finite
element analysis) programs. This paper describes the problem associated with conventional software and the
potential solutions offered by OOP.

The first is applying OOP to encapsulate the FEM (finite element model) data. This encapsulation would
increase FEA software extendibility and flexibility, needed in studying new FEA method and design of structural
optimization program. The second is applying OOP to encapsulate FEA, sensitivity analysis and optimization
solution methods, which once are couple with the FEM data. So efficiently encapsulation on these solution
methods would simplify the study of the FEA and optimization solution methods. The third is applying OOP to
unify the size optimization and shape optimization in a uniform mode, which would simplify the solution of their
couple problem while using in a synthesis mode in conventional optimization problem.

2.  Keywords: structural optimization design, object-oriented program, finite element analysis

3. Introduction

Conventional structural optimization design program, which is consisted of several dozens of subroutines and
functions, are programmed by the method from top to down and stepwise. These dozens of subroutines and
functions complex the global data structure, and decrease the flexibility of the system. It is difficult to modify the
existing codes and extend the code to adapt them for new use. The application of OOP has proven to be very
beneficial to development of flexible programs. The basis of OOP is abstraction, whose philosophy abstract out the
essential immutable qualities and procedures of the components of the structural optimization design into classes
of objects. Objects store both their data and the operators on the data that may be used by other objects. The
abstraction of the data into classes of objects limits the knowledge of the system required to work on the code, to
only the class of interest. Encapsulation on the data and operations together isolates the classes and promotes the
reuse of code. This paper demonstrates a new object-oriented architecture for structural optimization design. The
goal of the system is to provide a flexible and extendible sct of objects that facilitate optimization. The flexibility is
achieved by the separation of the optimization tasks into distinct objects. The primary separation isolates the
numerical objects and algorithms of the structural optimization design as well as FEM data into distinct two types
of object classes.
4. Finite element model object classes

FEM are the basis of structure optimization design. Conventional structure optimization’s algorithms rely on the
cfficient manage FEM information, especially on the shape optimization and the topology optimization of the
structure. Conventional FEM consist of nodes, elements, materials, boundary conditions and loads, whose attribute
data are interdependent on cach other. If these data are accessioned from the global variables, they would decrease
the flexibility of the system. FEM object classes abstract from the conventional FEM into six distinct base objects,
which further derive into all kinds of FEM object classes. The six base object classes are node object classes,
clement object classes, property object classes, material object classes, boundary condition object classes and load
object classes. Because these object classes are interdependent and couple, we need build a top object class, the
FEM manage object class, which manages blending the communication of the six distinct classes and transferring
the information between the FEM and the solutions of the FEA and the optimization.
5. Analysis and optimization solution object classes

Typical optimization tasks include finite element analysis, sensitivity analysis and optimization solution method.
Later, it will demonstrate how to apply OOP to encapsulate these tasks.
3.1 Finite element analysis

The typical finite element analysis equation is expressed as:

[k} = () M.
Distinct from normal linear equations, the matrix [£]in the equation (1) is a large sparse matrix. We don’t store

all members of the matrix in the two dimensional array, but in a unified contract array. We need build a matrix
object class, which map the global large sparse stiffness matrix and local small stiffness matrix. So we abstract
equation (1) into the stiffness matrix and the displacement vector object classes as well as an independent module,
which is used to solve the specific linear stiffness matrix equations. The two object classes contain the FEM
manage object class’ handle, which can transfer the FEM attribute values into the stiffness matrix object class and
node displacement object class. The independent module has contained these two object classes, which support the
solution method is independent to FEM. The solution procedure gets FEM information only through these two
object classes. The module’s head declaration can be expressed as:
BOOL Matrix_Solve(CStiffMatrix* matrix, CDisplacement* disp, BOOL decompose );

3.2 Sensitivity analysis

Sensitivity analysis’s important step is to solve the derivatives of the displacement to the design variables. Its
equation is expressed as:

= 305 —




ou \
(k§—=t=la}.
o,
Equation (1) and equation (2) have the same type and the same stiffness matrix [k], so we derive the sensitivity

analysis object class from the FEA object class. The derivation makes the sensitivity analysis object class inherit
the FEA object class’s member functions and solution methods. Distinct from the FEA, the sensitivity analysis
needs to solve the derivation of related element stiffness matrix to the design variables. So the sensitivity analysis
object class encapsulates the computation procedure of the derivation of element stiffness matrix. The computation
derivation is related with the design variables, which is introduced later. The design variable object directs the
sensitivity analysis to adjust some FEM attribute value and the sensitivity analysis object encapsulates the
derivation solution method.

5.3 Optimization solution method
Typical optimization expression can be:

min. w(X)
s.it. gi(X)<g; 1=1.2,---,m, mis the number of constraints 3).
xj‘ £%; 8 xjj j=1,2,---n, nis the number of design variables

Before we abstraction the equation (3), we need to build a design variable object class. Abstracted from all kinds
of application, the design variable object class provides the uniform expression for the variable adjustment by the
polymorphism of OOP technique. Then we abstract the equation (3) into an optimization object class, in which
we utilize the polymorphism of OOP technique to uniformly encapsulate the solution of the object functions and
constraint functions. So any specific optimization problem can derive from the optimization object class into a
specific optimization object class, whose solution of object function and constraint functions will be rebuilt based
on the specific optimization problem. The optimization object class also containes an array of design variable
object classes and an independent module, which is solving the optimization problem. The typical optimization
solving module’s head declaration can be expressed as:
BOOL Optimization_Solve (COptimization* opt);

As the support of the optimization basc object class, the optimization solution module can be independent to any
specific optimization problem and has no relationship with the solution of object function and constraint functions,
which is analogous to the subroutine’s function parameter in the FORTRAN.
6.  Size optimization and shape optimization

Size optimization and shape optimization have different types of design variables. In the conventional structural
optimization design, they arc implemented by ditferent subroutines and functions. Now, applying OOP technique
can blend the two types optimizations in the same optimization procedure. We derive from normal optimization
object class into specific structural optimization design object class, which containes the size and shape algorithm
operators object classes in the same uniform. Derived from the design variable objcct class, the size operator and
shape operator object classes encapsulate the design variable operation method and the method how design
variable is linked to FEM attribute value. The size operator object class is linked to the clements’ internal attribute
value and the shape operator object class is linked to the nodes’ position attribute or the control points which are
control nodes position. These encapsulated operators also contain adjustment of value of the design variables and
Judgment on the design variables out of the feasible domain range.
7. Conclusion

An object-oriented structure optimization program has proven that the program is flexible, extendible, casily
modified for a variety of structure optimization design procedures. The problems inherent in procedural based
optimization programs are climinated by design. To modify or extend the program, the required knowledge of the

components is restricted to the public interfaces of the classes. The reuse of code is promoted by the use of
inheritance.
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