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ABSTRACT 

The purpose of the Reliability-Based Design Optimization (RBDO) is to find the best compromise 
between safety and cost.  Therefore, several methods, such as the Hybrid Method (HM) and the Opti-
mum Safety Factor (OSF) method, are developed to achieve this purpose.  However, these methods have 
been applied only on static cases and some special dynamic ones.  But, in real mechanical applications, 
structures are subject to random vibrations and these vibrations can cause a fatigue damage.  So, in this 
paper, we propose an extension of these methods in the case of structures under random vibrations and 
then demonstrate their efficiency.  Also, a Robust Hybrid Method (RHM) is then developed to overcome 
the difficulties of the classical one.  A numerical application is then used to present the advantages of the 
modified hybrid method for treating problem of structures subject to random vibration considering fatigue 
damage. 

Keywords: Reliability Based Design Optimization, Multiaxial fatigue damage, Robust Hybrid Method, 
Random vibrations. 

1.  INTRODUCTION 

In our daily life, many structures are subject to 
random vibrations.  These vibrations can cause a fatigue 
damage.  In the last few decades, and in order to esti-
mate a life time of a structure subject to random loads, 
many studies have been elaborated.  For multiaxial 

fatigue damage case, the structure’s life time can be 
estimated by considering many criteria that calculate the 
fatigue damage.  Such criteria can be mathematically 
represented by: 

 ,( ( ), ) 1i jS t T g  (1) 

* 
Corresponding author (ahmed.yaich@insa-rouen.fr) 

https://doi.org/10.1017/jmech.2017.44 Published online by Cambridge University Press

https://doi.org/10.1017/jmech.2017.44


552   Journal of Mechanics, Vol. 34, No. 5, October 2018 
 

Where Si,j(t) is the stress tensor at any given location in 
the structure and for any time t  [0, T] A fatigue crack 
can appear if the inequality (1) is not satisfied at any 
point of the structure. 

In order to reduce the computing time, the fatigue 
damage analyses have been carried out in the frequency 
domain.  This can be seen in previous works such as 
Pitoiset [1-2] which defined a formulation of Matake’s 
criterion and Crossland’s Criterion in frequency domain.  
According to Weber et al. [3] and Wu et al. [4], the Sines 
criterion seems to give the best evaluation of damage 
subject to random stresses. 

Let’s consider a linear structure subject to stationary 
ergodic Gaussian loads.  According to Pitoiset [5], the 
crack will not initiate before a certain number of repeti-
tions Ne of the periodic random load of duration T if the 
average of the damage should not exceed the fatigue lim-
it. 

 ,[ ( ( ), )] 1i jE S t T g  (2) 

Then, to calculate the average of the damage in the 
frequency domain, we need to calculate the Power 
Spectral Densities (PSD) of the stresses for all point in 
the structure.  The spectral matrix is obtained by the 
Fourier transformation of the correlation functions of 
the stresses [6]. 

In the last few decades, designers seek to minimize 
the cost of a mechanical part considering a given level of 
reliability.  The objective of the Reliability Based 
Design Optimization is to design structures that should 
be both reliable and economical. 

In the Deterministic Design Optimization (DDO) 
[7-8], the aim of the designer is to reduce the design’s 
cost without considering the effects of uncertainties con-
cerning geometry, materials and loading.  The optimal 
solution resulted from the optimization process may then 
lead to an inappropriate reliability level.  On the other 
side, the objective of the Reliability-Based Design Opti-
mization (RBDO) is to minimize the structural weight to 
provide an improved design with a high level of confi-
dence. 

In this context, several methods have been treated to 
solve the RBDO problem.  These approaches can be 
classified into three groups: the two-level approach, the 
single loop approach and the decoupled approach.  
Those methods are used in different domains such as 
civil engineering [9], mechatronic [10], vibro-acoustic 
[11], … Aoues and Chateauneuf [12] tested a various 
RBDO approaches in a benchmark constituted of four 
examples.  In fact, these approaches can be carried out 
in two separated spaces: physical space and normalized 
space.  To this end, the optimization problem requires 
considerable computation time. 

In order to improve the numerical performance, 
Kharmanda et al. [13-15] have elaborated an efficient 
method called Hybrid Method (HM).  This method 
consists in solving simultaneously the optimization 
problem and the reliability problem.  The solution is 
carried out in the Hybrid Design Space (HSD) which is 
contain the deterministic and the random variables and it 
can satisfy a specific reliability level. 

This method has successfully reduced the computing 

time but the RBDO problem become more complex than 
the DDO problem.  Therefore, another methodology 
called Optimum Safety Factor (OSF) has been elaborated 
[16-17].  Using this method, the optimal solution is ob-
tained by considering the design point and the computed 
safety factors which are calculated from the derivative of 
the constraint function. 

The efficiency of these methods has demonstrated 
only considering static cases and some special dynamic 
ones.  In this paper, an application of these methods is 
carried out on structures submitted to multiaxial random 
vibrations and next a Robust Hybrid Method (RHM) is 
proposed.  The efficiency of the new method is finally 
demonstrated considering a numerical application on an 
example of structure under random vibrations. 

2.  MULTIAXIAL FATIGUE DAMAGE 
ANALYSIS UNDER RANDOM VIBRATIONS 

2.1  Formulations and Developments 

The main purpose of multiaxial fatigue criteria is to 
determine the location of the critical point in a structure.  
It can be assumed, by many author, that the crack initia-
tion is governed by the second invariant of the deviator 
stress tensor [18-19].  This can be seen in the Crossland 
criterion (Eq. (3)) and Sines Criterion (Eq. (4)) where J2,a 
is the second invariant of the deviator stress tensor. 

 
2,

0
max{ ( )}

1
a

t T
Crossland

J A p t
D

B
 


   (3) 

 
2, [ ( )]

1
a

Sines

J A E p t
D

B


   (4) 

Where p(t) is hydrostatic pressure which is deter-
mined by the normal stresses components Sxx, Syy and Szz 
of the stress tensor Sij (Eq. 5) and A, B are constants re-
lated with the material.  For the Sines criterion, they are 
defined by the endurance limit in alternating traction f-1, 
the endurance limit in alternating torsion t-1 and the 
breaking strength Rm (Eq. (6-7)). 
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
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 1B t  (7) 

It can be noted that the Crossland criterion need the 
calculation of maximum of the hydrostatic pressure 
while the Sines criterion use it’s mean.  This reduces the 
calculation time of the damage if it’s calculated by the 
Sines criterion and have almost the same result such the 
Crossland criterion [20]. 

Let’s consider now a linear structure subject to sta-
tionary ergodic Gaussian loads.  According to Eq. (2), 
the crack will not initiate before Ne repetitions of the 
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periodic random load of duration T if the average of the 
damage should not exceed the fatigue limit.  The Sines 
criterion is then defined by: 

 
2,[ ] [ ( )]

[ ] 1
B

a
Sines

E J A E p t
E D


   (8) 

The problem now is the determination of the average 

of the shear stress amplitude 2,[ ]aE J .  In fact, for a 

proportional loading, 2,aJ  can be defined by the Eq. 

(9). 

 

 2 2 2 2
2, , , , , , , , , ,

1
[( ) ( ) ( ) 6( ) ]

6
a xx a yy a yy a zz a zz a xx a xy a yz a xz aJ S S S S S S S S S               (9) 

 

In this expression, the alternating component of stress 
Sij,a is defined by: 

 ,
00

1
(max[ ( )] min[ ( )]); , , ,

2
ij a ij ij

t Tt T
S S t S t i j x y z

  
    (10) 

Note that the 2 ( )J t  corresponds to the square root 

of the second invariant of the deviatoric stress tensor.  
So, to simplify the calculation and for further develop-
ment, it is important to relate it to a norm in a 
five-dimensional Euclidean space E5 [21].  By Noting 
||·|| the Euclidian norm, we have: 

 2 2 2 2 2
2, 1, 2, 3, 4, 5,a a a a a a aJ D D D D D d       (11) 

Where: 
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i.e. 

 ( ) . ( )d t P s t  (12) 
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For a non-proportional load, the expression (10) is not 
available.  For this reason, many approaches have been 

proposed in order to determine 2,aJ  such as Bin Li 

[22], Balthazar J. C. [23] and Bernasconi A. [24].  
These definitions are confronted with experimental re-
sults in [25-29]. 

Bin Li & al. [22] propose to consider the smallest 
ellipse of the semi-axes R1 and R2 circumscribing the 

path of 2,aJ  to realize the non-proportional loading.  

Thus, 2,aJ  for the non-proportional load is ap-

proached by 2 2
2, 1 2aJ R R  . 

With the same principle, and to determine of the 
equivalent shear stress amplitude, we consider that the 
semi-axes R1, R2, R 3, R 4 and R 5 of the five-dimension 

ellipsoid circumscribed to the loading path of 2,aJ  

and oriented in its principal directions.  2,aJ  can then 

be written as well: 

 2 2 2 2 2
2, 1 2 3 4 5aJ R R R R R      (13) 

So, for a random load, the estimation of 2,aJ  con-

sist in the estimation of the semi-axes Ri.  This is car-
ried out by the analysis of the principal components of 
the covariance matrix Σd of d.  It is defined by: 

 [( ( ) ).( ( ) ) ]T
d E d t d d t d     (14) 

Σd can also be defined from the covariance matrix of 
the stress Σs as follow: 

 T
d sP P    (15) 

The diagonal terms of Σd matrix present the variance 
of each component.  However, the terms out of diagonal 
present the variance between each component.  In gen-
eral, these terms are different of zero.  So Σd is not di-
agonal. 

There is an orthonormal basis of eigenvectors Ad such 
that: 

 2 2 2 2 2
1 2 3 4 5( , , , , )T

d d dd A A diag          (16) 

with 1 2 3 4 5        . 

Then we can define a vector d  linearly associated 
with d by an orthogonal transformation such as: 

 ( ) ( )dd t A d t  (17) 

With 
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Since the components ( )D t
  are a Gaussian station-

ary process, then we can estimate the maximum value of 

( )D t D    by the application of the peak factor theory 

(Eq. (19a)). Eq. (19b) presents the peak factor theory for 
zero mean stationary Gaussian, random process s(t) [21], 
[30] 


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Where ( ( ))pN D t
  is the average of the number of 

maxima which can be calculated from the spectral mo-

ment mi of the random process D
  (Eqs. (20-21)).  

iD   present the PSD of the random process D
  and f 

is the frequency in Hz. 

 4

2
p

m
N

m
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 | | ( )
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
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Considering the concepts introduced previously, the 
random semi-axis of the loading can be characterized by: 

1
[ ] [max( ( ) )] [min( ( ) )]

2
iE R E D t D E D t D   

          (22) 

Since they are not correlated and are assumed to be 
Gaussian we can consider that: 
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Then we have: 

 

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For a stationary Gaussian random loading, we can as-

sume that the average of 2,aJ  is defined by: 

2 2 2 2 2
2, 1 2 3 4 5[ ] [ ] [ ] [ ] [ ] [ ]aE J E R E R E R E R E R    

  (25) 

The damage is then can be calculated by replacing 

2,[ ]aE J  in the Eq. (8) by the expression (25). 

2.2  Strategy Implementation 

To summarize, the implementation of the fatigue 
damage analysis strategy is illustrated in Fig. 1.  The 
algorithm consists of two subproblems: the first sub- 
problem, is to calculate the Power Spectral Densities of 
the stresses.  First build the model by defining the 
geometry, material proprieties and loads.  Then, a mo- 
dal analysis is necessary to determine the normal modes 
of the model.  We conclude this first subproblem by the 
spectral analysis to calculate the stresses PSD at each 
element of the structures. 

For the second subproblem, and in order to evaluate 
the fatigue damage, the calculated PSD are then intro-
duced into MATLAB software to evaluate the stresses 
covariance Matrix as a first step.  This allows us to cal-
culate the covariance matrix Σd using Eqs. (14-15).  The 
covariance matrix d   and the PSD d   are obtained 

by the orthogonal transformation of the Σd matrix.  Us-
ing Eqs. (20-21) the number of maxima Np of each pa-

rameter of the vector d  is calculated.  Then, the av-

erage of the shear stress amplitude 2,[ ]aE J  is deter-

mined, using Eqs. (24-25).  Finally, the fatigue damage 
is determined at each point of the structure using the Sine 
criterion. 

3.  RELIABILITY BASED DESIGN 
OPTIMIZATION OF A STRUCTURE UNDER 

RANDOM VIBRATIONS 

3.1  Deterministic Design Optimization 

The use of the DDO model in the structural design is 
become increasingly common with the advent of com-
puter technology and the development of the finite ele-
ment analysis software.  In fact, this approach consists 
in assigning safety factors to constraint functions in order 
to integrate the presence of uncertainties in the design 
variables. 

Using these safety factors, the optimization problem 
consists then in minimizing an objective function f(x) 
(the cost, the volume ...) subject to a physical, geometri- 
cal or functional constraints: 

 min ( )
x

f x  (26) 

 
( ) 0, 1

.
( ) 0, 1

k

j

x k K
s t

h x j J
 
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


g
 

Where x is the vector of deterministic design variables, 
ɡk(x) are the inequality constraints and hj(x) are the 
equality constraints.  Therefore, several methods and  
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Fig. 1  Implementation of the fatigue damage analysis strategy. 

 
 
algorithms have been treated in order to solve the DDO 
problem [31-34]. 

The DDO can offer an optimum design, but it cannot 
control the reliability level [27].  In other word, the true 
design’s safety cannot be guaranteed by the chosen 
safety factors.  To this end, the Reliability Based Design 
Optimization is necessary for optimal and reliable de-
signs. 

3.2 Reliability-Based Design Optimization RBDO 

In the literature, several studies are treated in terms of 
RBDO [35-40].  An RBDO problem can be considered 
as an optimization problem subject to both deterministic 
and probabilistic constraints.  It can be presented as a 
general form as following: 

 min ( )
x

f x  (27) 

 [ ( , ) 0] , 1
.

( ) 0, 1

T
r i i

j

P G x y P i m
s t

h x j m M
   
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
  

Where x is the vector of deterministic design variables, 
y is the vector of random variables.  Pr[.] is the prob- 

ability operator, T
iP  is the target failure probability, Gi 

is the performance function and hj(x) is the deterministic 
constraints. 

In an RBDO problem, the reliability index is calcu-
lated iteratively.  To this end, solving an RBDO prob-
lem for such a design needs an enormous computing time.  
To reduce the computational time, an efficient method 

called hybrid method have been developed.  It consists 
in solving simultaneously the reliability and the optimi-
zation problem [13].  for this purpose, the optimization 
problem become more complex than the deterministic 
optimization.  To solve this problem a new method 
called Optimum Safety Factor (OSF) have been elabo-
rated [14].  Using this method, the computing time have 
been reduced with a minimum of complexity compared 
to the hybrid method. 

3.2.1 Classical Approach 

Generally, using the classical approach, we use two 
spaces to perform the RBDO problem.  These spaces 
are Physical Space and normalized space [41].  Conse-
quently, the optimal solution is achieved by considering 
two nested problems: 

i. Optimization problem 
It consists in minimizing an objective function f(x) 

subject to deterministic constraints ɡk(x) and the reliabil-
ity exigence.  It can be defined by: 

 min ( )
x

f x  (28) 

  ( ) 0, 1
.

( , )
k

t

x k K
s t

x u 
 


g
 

Where β(x,u) is the reliability index of the structure 
and βt is the target reliability index. 

ii. Reliability problem 
β(x,u) represents the minimal distance between the 

origin and the limit state function H(x,u) in the nor-  

Build the model

Modal analysis

Spectral analysis

Stresses PSD: Φs

Stresses Covariance Matrix: ∑s

d Covariance Matrix: ∑d
(equation 14-15)

Eigen values Matrix of ∑d: Ad 

PSD of d: Φd
(equation 17)

˜ ˜

Average number of maxima Np
(equation 20-21)

d Covariance Matrix: Σd
(equation 16)

˜ ˜

Average of the shear stress amplitude: E[       ]
(equation 24-25)

√J2,a

Average of fatigue damage: E[DSines]
(equation 8)

ANSYS MATLAB
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Fig. 2  Physical space and normalized space. 

 
 
malized space; see Fig. 2a and Fig. 2b.  It can be calcu-
lated by solving the following minimization problem: 

 2min ( ) id u u    (29) 

 . ( , ) 0s t H x u   

It has been proved that the classical approach need a 
high computational time by the reason of the high num-
ber of numerical calculation in the two spaces.  In order 
to reduce the effects of this problem, an efficient ap-
proach called hybrid approach has been elaborated [13]. 

3.2.2 Hybrid Approach 

In the hybrid approach, the objective function has a 
new form compared with the classical approach [13].  
The minimization of this new objective function F(x, y) 
is subject to the limit state function G(x, y) and the de-
terministic constraints ɡk(x) as well as to the reliability 
constraint. 

 
,

min ( , ) ( ) ( , )
x y

F x y f x d x y   (30) 

 
( , ) 0

. ( ) 0, 1
( , )

k

t

G x y
s t x k K
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  
 

g  

Here, dβ(x,y) present the distance between the design 
point and the optimum one in the hybrid space.  The 
minimization of the objective function is carried out in a 
hybrid design space (HDS).  This HDS includes random 
variables y and deterministic variables x. 

Figure 3 present an example of a HDS for a normal 
distribution of two random variables.  In this figure, the 
objective function levels, the limit state function levels 
and the reliability levels dβ are presented.  In addition, 
we can see two important point: the optimal solution 

point xP  and the design point yP  founded on the in-

tersection of the curve G(x, y) = 0 and dβ = βt.  In the  

 

Fig. 3  Hybrid Design Space. 

 
literature, the hybrid method has efficiently reduced the 
computing time comparing with the classical approach. 

3.2.3 Optimum Safety Factor (OSF)  

In the deterministic design optimization (DDO), the 
estimation of the safety factors is based on the engineer-
ing experience and the resulting solution can not satisfy 
the required reliability level.  Then, when we design a 
new type of structure, we generally need some experi-
mental background to provide an appropriate safety fac-
tors.  However, with the OSF approach the determina-
tion of the safety factors should be independent of the 
engineering experience. 

Although the hybrid method leads to improve the re-
liability level, with the OSF approach we leads to mini-
mize the computational time.  It consists in using the 
sensibility analysis combined with the reliability analysis 
in order to eliminate the disadvantages of the DDO 
method and the RBDO methods [42-43]. 
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Fig. 4 Encountered problem of the classical Hybrid 
Method presented in the HDS. 

 

 

Fig. 5  RHM in the HDS. 

 
 
 

The OSF algorithm is composed of three principal 
steps: 

i. Determination of the design point iy : 

Here we minimize the objective function subject to 
the limit state function G(y) and the deterministic con-
straints.  The resulting solution is designed by the most 
probable failure point and is called the design point. 

ii. Calculation of the safety factors: 

In fact, the design point iy  is related with the opti-

mal point ix  as defined in the Eq. (31).  Here we con-

sider that the mean values of random variable mi are pre-
sented by the deterministic variable xi. [44] 

 , 1, ,i
i f iy S x i n     (31) 

Furthermore, in general, for a normal distribution of 
the random variable yi, we consider the transformation to 
the normalized space (u-space) from the physical space 
(x-space) as defined in the Eq. (32): 

 , 1, ,i i
i

i

y x
u i n




    (32) 

So the safety factor can be determined from iu  

shown in Eq. (33) by combining the Eqs. (31) and (32). 

 1 , 1, ,i
f i iS u i n      (33) 

Where γi is a coefficient relating the mean with the 

standard-deviation: i
i

im

   

According to Kharmanda [17] the optimum value of 

the normalized vector iu  can be determined from the 

derivatives of the limit state function at the design point 
as follow: 

 

1

, 1, ,i
i t

n
j

j

G

y
u i n

G

y








  





  (34) 

Where the  sign depends on the sign of the deriva-
tive: 

0 0 et 0 0, 1, ,i i
i

G G
u u i n

y y
  

      
 

  

iii.  Calculation of the optimal solution: 
In the final step, to determine the optimal design, we 

include the computed safety factors values in the design 
variables value. 

4.  ROBUST HYBRID METHOD (RHM) 

In addition to the high computational time drawback 
of the classical Hybrid Method, it may converge to a 
non-feasible solution.  In other words, the obtained op-

timal solution xP  may be located in the failure region 

(G(x*) > 0) while the distance between the optimal point 

and the design point yP  gives an acceptable level of 

reliability, as shown in Fig. 4. 
A new method called Robust Hybrid Method is then 

developed in order to solve this problem.  It consists in 
adding another constraint, to force the optimization algo-
rithm to find the optimal solution in the safe zone. 

In fact, in the HDS, in order to guarantee the reliabil-
ity of a structures under uncertainties, the value of the 
objective function at the optimal solution should be 
higher than that value at the design point.  The Robust 
Hybrid Method can then be defined by Eq. (35): 

 
,

min ( , ) ( ) ( , )
x y

F x y f x d x y   (35) 
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Fig. 6  Geometry. 

 

 

Fig. 7  Finite Element Model. 
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Figure 5 shows an example of the RHM presented in 
the Hybrid Design Space.  f1(x) and f2(x) are two objec-
tive function levels which intersect respectively with the 

optimal point xP  and the design point yP .  It can be 

observed that the optimal point xP  is located in the safe 

region and f(x*) > f(y*) and the required reliability level is 
also satisfied (dβ = βt).  

The proposed method does not only allow to force the 
optimization algorithm in the Hybrid Design Space but 
can also efficiently reduce the computational time com-
paring with the classical hybrid method. 

5.  NUMERICAL APPLICATION ON THE 
FATIGUE DAMAGE ANALYSIS 

5.1  Problem Description 

To illustrate the efficiency of the proposed fatigue 
damage analysis strategy, the simple plate illustrated in 
Fig. 6 is analyzed.  This example is the same as that 
studied by Pitoiset [2] where Matake and Crossland cri-
terion are applied. 

The plate has a hole and a notch and its thickness is 
e = 0.8mm.  It is clamped at both ends and each 
clamp is subjected to a band-limited white noise ac-
celeration along the normal direction to the plate plane 
(z), (Φa = 4 (m/s2)2/Hz; fc = 400Hz).  The two support 
accelerations are uncorrelated. 

The plate was discretized into a total number of 644 
shell elements.  Each element has four nodes with six 
degrees of freedom at each node (Fig. 7). 

Figures 8a, 8b, 8c, 8d and 8e present the first five 
modes which are within the bandwidth of the excitation 
(f1 = 26.13Hz; f2 = 101.88Hz; f3 = 120.68Hz; f4 = 
274.42Hz; f5 = 385.11Hz). 

The PSD matrix of the stress components is calculated 
at each finite element using a random vibration code.  
The Power Spectral Density 

xx xxs s , 
yy yys s  and 

xy xys s  

of the stresses are respectively shown in Figs. 9a, 9b and 
9c, in one selected element (marked in Fig. 7). 

Figure 10 shows the damage distribution caused by 
this stress calculated by the Sines criterion.  This result 
is almost similar to that founded by the Crossland and 
Matake criteria [2].  The small difference between the 
results is caused by the meshing accuracy.  The various 
procedures have been implemented in MATLAB toolbox 
used as postprocessor of the finite element software 
ANSYS. 

The efficiency of this strategy has been verified and 
then it can be coupled with the RBDO methods in order 
to obtain the best design of the structure. 

The current objective is to minimize the volume V of 
the piece under the fatigue damage constraint Dmax.  
The design variables are the radius R1 of the hole the 
radius R2 of the notch and the thickness e of the plate 
(see Fig. 6).  These design variables are normally dis-
tributed and the variance coefficient γ of each variable is 
equal to 0.1.  

1Rm , 
2Rm and me are respectively the 

mean values of R1, R2 and e. 

5.2  DDO and RBDO Procedures 

Let’s note 1,2,3{ }i ix x   the vector of deterministic 

design variables R1, R2 and e presented by its means 

1 2
( { , , })R R ex m m m  and y the vector of the random de-

sign variables 1 2( { , , })y R R e .  We can define also: 

the start point 0 0 1,2,3 10 20 0{ } { , , }i ix x R R e  , the design 

point 1,2,3 1 2{ } { , , }i i y y yy y R R e    
   and the optimal  
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Fig. 8  Normal modes: (a) Mode 1 (b) Mode 2 (c) Mode 3 (d) Mode 4 (e) Mode 5. 

 
 
 
 

 

Fig. 9  Stresses Power Spectral Densities: (a) 
xx xxs s  (b) 

yy yys s  (c) 
xy xys s  
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Fig. 10  Local value of damage of Sines criteria. 

 
 

point 1,2,3 1 2{ } { , , }i i x x xx x R R e    
  . 

In the DDO approach, we consider a global safety 
factor Sf that is applied to the damage Dmax and based on 
engineering experience.  Thus, the optimal design of the 
structure should not exceed the maximum allowable 
values.  Therefore, the structural optimization problem 
can be written as follows: 

 min ( )
x

V x  (36) 

 max. ( ) 0.8ws t D x D   

The DDO procedure does not contain the reliability 
constraint, that cannot control the reliability level.  So, 
there is a strong need to the use the RBDO methods. 

Using the Hybrid Method problem, which is presented 
in the Eq. (36), the objective function becomes a multi-
plication of the volume V by the distance in the hybrid 
design space as follow: 

 
,

min ( , ) ( ) ( , )
x y

F x y V x d x y   (37) 

 max ( ) 1
.

( , ) t

D y
s t

d x y 


 
 

In addition to the fatigue limit state, the distance dβ
 

should be superior or equal to the target reliability index 
βt.  In our case, βt is equal to three which corresponds to 
a failure probability almost equal to 10-3. 

To overcome the problems of the classical hybrid 
method, the RHM is then applied.  It consists in adding 
a third constraint to the optimization problem.  The op-
timization problem of the robust hybrid method is then: 

 
,

min ( , ) ( ) ( , )
x y

F x y V x d x y   (38) 

 
max ( ) 1

. ( , )
( ) ( )

t

D y
s t d x y

V x V y
 

 
 

 

To obtain the optimal solution using OSF method, we 
should determine the design point at the first step.  This 
design point is obtained by solving the optimization 
problem defined by the following formulation: 

 min ( )
y

V y  (39) 

 max. ( ) 1s t D y   

Then, as a second step, we calculate the safety factors 
from the derivatives of the limit state function Dmax.  
The optimal solution is then calculated by division of the 
design point values by the calculated safety factors. 

5.3  Results and Discussions 

In this section, we will show and compare the results 
of the different methods studied previously. 

Table 1 presents the results of the DDO method.  The 
optimal solution satisfies the constraint of the fatigue 
damage but the reliability level is less than the target 
reliability level βt. 

The hybrid method results are presented in Table 2.  
It can clearly be seen that the resulting optimal point is in 
the failure domain (Dmax > 1) while the distance between 
the optimal point and the design point β gives an accept- 
able level of reliability. 

The results of the RHM are presented in Table 3.  
Note that the optimal solution is within the safety area 
and reliability level is verified.  This change has also 
helped to minimize the computation time.  In fact, the 
computational time of the new formulation is about 8 
hours while conventional hybrid method for computing 
time is about 27 hours with no feasible result found.  
The efficiency of this new formulation is then shown. 

 

0.5 1 1.5 2 2.5
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Table 1  DDO results 

  Initial values x0 Design point y* Optimal solution x* 

Design variables 

R1 15 17 16.53 

R2 22 24.12 22.37 

e 2 0.96 1.06 

Objective function V 31 868.82 14 911.01 16757.96 

Optimization constrain Dmax 0.137 1 0.799 

 β   1.27 

 
 

Table 2  Hybrid method Results 

 Distribution Initial values y0 Initial values x0 Design point y* Optimal solution x* 

Design  

variables 

R1 Normal 16.5 15 16.58 17 

R2 Normal 25 22 25.98 26 

e Normal 0.8 2 1.17 0.9 

Objective function V  12357.91 31 868.83 17957.41 13782.28 

Optimization constrain Dmax  2.564 0.1372 1.0001 2.3458 

 β   6.2337  3 

 
 

Table 3  Robust hybrid method Results 

 Distribution Initial values y0 Initial values x0 Design point y* Optimal solution x*

Design  

variables 

R1 Normal 16.5 16 17 14.16 

R2 Normal 25 21 26 21.36 

e Normal 0.8 1.5 1.16 1.11 

Objective function V  12357.91 23905.73 17829.22 17829.22 

Optimization constrain Dmax  2.564 0.272 1 0.77 

 β   5.05  3 

 
 

Table 4  OSF Results 

 Distribution 
Initial values

x0 
Design point 

y* 
Normalized variable 

u* 
OSF 

Sf 

Optimal solution 

ix  

Design 

variables 

R1 Normal 15 17 0.2271 1.023 16.62 

R2 Normal 22 24.12 0.2009 1.02 23.64 

e Normal 2 0.962 -2.9846 0.7 1.37 

Objective function V  31 868.82 14 911.01   21 384.57 

Optimization constrain Dmax  0.1372 1.0001   0.36 

 β      3 

 
 

Table 4 shows the results of the OSF method.  To 
find these results a sensitivity analysis is required to 
show the influence of various parameters on the maxi-
mum fatigue damage.  Table 5 defines the sensitivity 
(derivatives) of the maximum fatigue damage with re-

spect to different design variables. 
With the OSF method, the computational time is 

approximately 7 hours.  This method allowed to mini-
mize the computing time compared to the DDO method 
and the hybrid method.  However, it is negligible com- 
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Table 5  Sensibility analysis of the maximum of the fatigue damage 

max

1

D

R




 max

2

D

R




 maxD

e




 

0.017 0.013 -2.993 

 
 

Table 6  Initial points for the RHM method 

 Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 

0x  

10
xR  16 14 16 16 17 16 

20
xR  21 26 21 21 21 20 

0
xe  1.5 1.8 1.5 1.5 1.3 0.7 

0xV  23905.73 28010.47 23905.73 23905.73 20583.53 11221.6 

0
max
xD  0.29 0.32 0.29 0.29 0.41 2.55 

0y  

10
yR  16.5 17 17 16.5 17 15 

20
yR  25 24 24 25 23 22 

0
ye  0.8 0.6 0.6 0.8 0.8 1.2 

0yV  12357.91 9308.38 9308.38 12357.91 12501.47 19121.29 

0
max
yD  2.56 3.74 3.74 2.56 1.75 0.53 

 
 

 

Fig. 11  objective function values at the initial and optimal points for different initial point. 

 
 
pared to the robust hybrid method.  In addition, the 
value of the objective function of the optimal point ob-
tained by the robust hybrid method is less than that 
founded by the OSF method ( OSF RHMV V  ). 

To verify the efficiency of the RHM when changing 
the initial point, the optimization problem has been 
solved with different initial points.  It was found that, in 
most cases, the RHM optimization converges to a feasi-
ble solution.  Table 6 presents different initial points 
where the program is converged.  It should be men-
tioned that those points are chosen arbitrary. 

Figure 11 presents the initial objective functions 
0xV  

and 
0yV  (black curves) and the optimal objective func-

tions xV 
 and yV   (red curves) calculated for each ini-

tial point.  A brief analysis of this result points out that 
the RHM optimization problem converges almost to the 
same optimal point (see the red curve in Fig. 11).  It can 
be concluded that the RHM is an efficient and robust 
method and can lead to the same optimal solution when 
considering different initial points. 

As a result, the robust hybrid method provides the best 
results as compared to other methods, when solving an 
RBDO problem of structures under random vibrations.  
It can overcome the shortages of lack of reliability level 
for the DDO model and avoid the fault that the optimal 
point falls within the failure region.  Furthermore, no 
more computational time is needed when compared with 
the OSF method.  Let’s study now the influence of the 
excitation on the optimal solution.  More specifically,  
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Fig. 12  Influence of the excitation value on the fatigue damage at the initial point. 

 
 

 

 

Fig. 13  Influence of the excitation on the objective function and the constrain at the optimal point. 

 
 
 

 

Fig. 14   Influence of the excitation on the design variables. 
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we study the impact of the value of the white noise PSD 
of the excitation Φa on the design point for the same 
example studied previously. 

Figure 12 shows the influence of the excitation value 
on the maximum of the fatigue damage at the chosen 
initial point.  It can be observed that the maximum 
value of the fatigue damage increases when the excita-
tion PSD value increases. 

Figure 13 present the variation of the volume and the 
maximal of the fatigue damage at the optimal point as a 
function of the excitation PSD.  This figure shows that 
the optimal volume of the structure should increase if the 
PSD of the excitation value increases.  However, it can 
be observed that the maximal fatigue damage of the op-
timal design is nearly the same for all configurations and 
it does not change if the excitation value changes.  It 
can be noted that, at each obtained optimal point, the 
reliability of the optimum design is respected β = βt. 

The variation of the design variables as a function of 
the excitation PSD is presented in Fig. 14.  The design 
variables of the optimal point x* are presented by a solid 
circle and the optimization variables of the design point 
y* are presented by a solid square, for each variation of 
the excitation PSD.  The blue lines present the variation 
of the radius of the hole R1, the black lines present the 
variation of the radius of the notch and the red lines pre-
sent the thickness variation.  It can be observed that the 
optimal radiuses don’t change if the excitation PSD 
changes.  However, the optimal thickness of the plate 
increases if the PSD increases. 

It can be concluded that the volume variation for each 
PSD (see Fig. 10) is caused by the variation of the thick-
ness.  Also, the shape of the thickness curve is similar 
to the shape of the volume curve. 
 

6.  CONCLUSIONS 

In this paper, our aim is to develop an efficient 
method that allows us to obtain an optimal design of 
structures subject to random vibration that can guarantee 
a required structural reliability level considering fatigue 
damage.  Therefore, we first demonstrate that the DDO 
is easy to implement and it can guarantee an optimum 
design but it cannot control the reliability level.  Next, 
RBDO methods such as the hybrid method and the OSF 
method are applied.  Comparing with the DDO model, 
the RBDO model respects a required reliability level.  
Using the hybrid method, the obtained design point is 
within the failure region and the result is then rejected.  
For this purpose, a new method called Robust Hybrid 
Method (RHM) is then proposed.  An application on a 
structure subjected to random vibration with the fatigue 
damage as the optimization constraint, demonstrated that 
the optimal solution founded by the RHM is more reli- 
able than the classical hybrid method and DDO the 
method.  Using the RHM, the obtained objective func-
tion is less than that obtained by the OSF method.  In 
addition, the computational time of the RHM is almost 
the same as the OSF method.  The efficiency of the new 
method is then demonstrated. 

REFERENCES 

 1. Pitoiset, X. and Preumont, A., “Spectral Methods for 
Multiaxial Random Fatigue Analysis of Metallic 
Structures,” International Journal of Fatigue, 22, pp. 
541-550 (2000). 

 2. Pitoiset, X., Rychlik, I. and Preumont, A., “Spectral 
Methods to Estimate Local Multiaxial Fatigue Fail-
ure for Structures Undergoing Random Vibrations,” 
Fatigue Fract Engng Mater Struct, 24, pp. 715-727 
(2001). 

 3. Weber, B., Labesse-Jied, F. and Robert, J., “Com-
parison of Multiaxial High Cycle Fatigue Criteria 
and Their Application to Fatigue Design of Struc-
tures,” Sixth International Conference on Biaxi-
al/Multiaxial Fatigue and Fracture, Lisbon (2001). 

 4. Wu, B., Ferraton, L., Robin, C., Mesmacque, G. and 
Zakarzewski, D., “Application de Critère de Fatigue 
Multiaxiale Aux Sturctures en Alliage D'aluminum,” 
Conference of G2RT, TILT (2003). 

 5. Pitoiset, X., “Méthodes Spectrales Pour une Analyse 
en Fatigue des Structures Métallique Sous Charge- 
ments Aléatoires Multiaxiaux,” PhD. Dissertation, 
Université Libre de Bruxelles, Bruxelles (2001). 

 6. Chang, T. P. and Liu, M. F., “Evaluation of Nonlin-
ear System Parameters by Stochastic Spectral 
Method,” Journal of Mechanics, 23, pp. 269-274 
(2007). 

 7. Arora, J., Introduction to Optimum Design, 
McGraw-Hill, New York (1989).  

 8. Haftaka, R. and Gurdal, Z., Elements of Structural 
Optimization, Kluwer Academic Publications, 
Dordrecht (1991). 

 9. Kusano, I., Baldomir, A., Jurado, J. A. and  
Hernández, S., “Reliability Based Design Optimiza-
tion of Long-Span Bridges Considering Flutter,” 
Journal of Wind Engineering and Industrial Aero-
dynamics, 135, pp. 149-162 (2014). 

10. Makhloufi, A., Aoues, Y. and El Hami, A., “Reli- 
ability Based Design Optimization of Wire Bonding 
in Power Microelectronic Devices,” Microsystem 
Technologies, 22, pp. 2737-2748 (2016). 

11. Xia, B. and Yu, D., “Optimization Based on Reli- 
ability and Confidence Interval Design for the Struc- 
tural-Acoustic System with Interval Probabilistic 
Variables,” Journal of Sound and Vibration, 336, pp. 
1-15 (2014). 

12. Aoues, Y. and Chateauneuf, A., “Benchmark Study 
of Numerical Methods for Reliability-Based Design 
Optimization,” Struct Multidisc Optim, 41, pp. 
277-294 (2010). 

13. Kharmanda, G., Mohamed, A. and Lemaire, M., 
“Efficient Reliability Based Design Optimization 
Using a Hybrid Space with Application to Finite 
Element Analysis,” Struct Multidiscip Optim, 24, pp. 
233-245 (2002). 

14. Kharmanda, G., Sharabaty, S., Ibrahim, H., Mak- 

https://doi.org/10.1017/jmech.2017.44 Published online by Cambridge University Press

https://doi.org/10.1017/jmech.2017.44


Journal of Mechanics, Vol. 34, No. 5, October 2018 565 
 

hloufi, A. and El-Hami, A., “Reliability-Based De-
sign Optimization Using Semi-Numerical Methods 
for Different Engineering Applications,” Interna-
tional Journal of CAD/CAM, 9, pp. 1-16 (2009). 

15. Mohsine, A. and El Hami, A., “A Robust Study of 
Reliability-Based Optimization Methods under Ei- 
gen-Frequency,” Computer Methods in Applied 
Mechanics and Engineering, 199, pp. 1006-1018 
(2010). 

16. Kharmanda, G., Numerical and Semi-Numerical 
Methods for Reliability-Based Design Optimization, 
Structural Design Optimization Considering Uncer-
tainties, Taylor & Francis e-Library, pp. 189-216 
(2008). 

17. Kharmanda, G., Ibrahim, M., Abo Al-kheer, A., 
Guerin, F. and El-Hami, A., “Reliability-Based De-
sign Optimization of Shank Chisel Plough Using 
Optimum Safety Factor Strategy,” Computers and 
Electronics in Agriculture, 109, pp. 162-171 (2014). 

18. Crossland, B., “Effect of Large Hydrostatic Pres-
sures on the Torsional Fatigue Strength of an Alloy 
Steel,” Proceeding of International Conference on 
Fatigue of Metals, 1, pp. 138-149 (1956). 

19. Sines, G., Behaviour of Metals under Complex Static 
and Alternationg Stress, McGraw-Hill, New York, 
pp. 145-169 (1959). 

20. Weber, B., “Fatigue Multiaxiale des Structures In- 
dustrielles Sous Chargement Quelconque,” PhD. 
Dissertation, INSA de Lyon, Lyon (1999). 

21. Lambert, S., Pagnacco, E. and Khalij, L., “A Prob- 
abilistic Model for the Fatigue Reliability of Struc-
tures under Random Loadings with Phase Shift Ef-
fects,” International Journal of Fatigue, 32, pp. 
463-474 (2010). 

22. Li, B. and Freitas, M., “A Procedure for Fast 
Evaluation of High-Cycle Fatigue under Multiaxial 
Random Loading,” Journal of Mechanical Design, 
124, pp. 558-563 (2002). 

23. Balthazar, J. and Malcher, L., A Review on the Main 
Approaches for Determination of the Multiaxial 
High Cycle Fatigue Strengh, Marcilio Alves & da 
costa Mattos, Brazil (2007). 

24. Bernasconi, A., “Efficient Algorithms for Calcula-
tion of Shear Stress Amplitude and Amplitude of the 
Second Invariant of the Stress Deviator in Fatigue 
Criteria Applications,” International Journal of Fa-
tigue, 24, pp. 649-657 (2002). 

25. Papuga, J., “Mapping of Fatigue Damages Program 
Shell of FE-Calculation,” PhD. Dissertation, Faculty 
of Mechanical Engineering, Prague (2005). 

26. Cristofori, A., Susmel, L. and Tovo, A., “A Stress 
Invariant Based Criterion to Estimate Fatigue Dam-
age under Multiaxial Loading,” International Jour-
nal of Fatigue, 30, pp. 1646-1658 (2008). 

27. Liu J. and Zenner, H., “Fatigue Llimit of Ductile 
Metals under Multiaxial Loading,” Biax- 
ial/Multiaxial Fatigue and Fracture, 6 International 

Conference on Biaxial/Multiaxial Fatigue and Frac- 
ture, Elsevier, Lisbon, Portugal, 31, pp. 147-164 
(2003). 

28. Gonçalves, C., Araujo, J. and Mamiya, E., “A Sim-
ple Multiaxial Fatigue Criterion for Metals,” 
Comptes Rendus Mécanique, 332, pp. 963-968 
(2004). 

29. Zouain, N., Mamiya, E. and Comes, F., “Using En-
closing Ellipsoids in Multiaxial Fatigue Strength 
Criteria,” European Journal of Mechanics - A/Solids, 
25, pp. 51-71 (2006). 

30. Davenport A. G., “Note on the Distribution of Larg-
est Values of Random Function with Application to 
Gust Loading” Proceedings of the Institution of Civil 
Engineers, 28, pp. 187-196 (1964). 

31. Arora, J. S., Introduction to Optimum Design, Sec- 
ond Edition, Elsevier, Amsterdam (2004). 

32. Bhatti, M. A., Practical Optimization Methods with 
Mathematical Applications, Springer-Verlag, New 
York (2000). 

33. Lange, K., Optimization, Springer-Verlag, New 
York (2004). 

34. Pedregal, K., Introduction to Optimization, 
Springer-Verlag, New York (2004). 

35. Stevenson, J., Reliability Analysis and Optimum 
Design of Structural Systems with Applications to 
Rigid Frames, Division of Solid Mechanics and 
Structures, 14, Case Western Reserve University, 
Cleveland, Ohio (1967). 

36. Moses, F., “Structural System Reliability and Opti-
mization,” Comput Struct, 7, pp. 283-290 (1977). 

37. Feng, Y. and Moses, F., “A Method of Structural 
Optimization Based on Structural System Reliabil-
ity,” Journal of Structural Mechanics, 14, pp. 
437-453 (1986). 

38. Chandu, S. and Grandhi, R., “General Purpose Pro-
cedure for Reliability Structural Optimization under 
Parametric Uncertainties,” Advances in Engineering 
Software, 23, pp. 7-14 (1995). 

39. Du, X. and Chen, W., “Sequential Optimization and 
Reliability Assessment Method for Efficient Prob- 
abilistic Design,” Journal of Mechanical Design, 
126, pp. 225-233 (2004). 

40. Steenackers, G., Versluys, R., Runacres, M. and 
Guillaume, P., “Reliability-Based Design Optimiza-
tion of Computation-Intensive Models Making 
Use of Response Surface Models,” Quality and 
Reliability Engineering International, 27, pp. 
555-568 (2011). 

41. Lemaire, M., Fiabilité des Structures, HER- 
MES-LAVOISIER, Paris, p. 506 (2005). 

42. Kharmanda, G., Olhoff, N. and El-Hami, A., “Opti-
mum Values of Structural Safety Factors for a Pre-
defined Reliability Level with Extension to Multiple 
Limit States,” Structural and Multidisciplinary Op-
timization, 27, pp. 421-434 (2004). 

43. Kharmanda, G. and Olhoff, N., “Extension of Opti-

https://doi.org/10.1017/jmech.2017.44 Published online by Cambridge University Press

https://doi.org/10.1017/jmech.2017.44


566   Journal of Mechanics, Vol. 34, No. 5, October 2018 
 

mum Safety Factor Method to Nnonlinear Reliabil-
ity-Based Design Optimization,” Journal of Struc-
tural and Multidisciplinary Optimization, 43, pp. 
367-380 (2007). 

44. Lopez, R. H., Lemosse, D., Cursi, E. S., Rojas, J. E. 
and El-Hami, A., “An Approach for the Reliability 
Based Design Optimization of Laminated Composite 

Plates,” Engineering Optimization, 43, pp. 1079- 
1094 (2011). 

 
 
 
 

 
 

(Manuscript received November 11, 2016, 
accepted for publication May 25, 2017.)  

 

https://doi.org/10.1017/jmech.2017.44 Published online by Cambridge University Press

https://doi.org/10.1017/jmech.2017.44


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHT <FEFF005B683964DA300C0032003400300030006400700069002D0036300D005D00204F7F752890194E9B8A2D7F6E5EFA7ACB7684002000410064006F006200650020005000440046002065874EF69069752865BC9AD854C18CEA76845370524D5370523786557406300260A853EF4EE54F7F75280020004100630072006F0062006100740020548C002000410064006F00620065002000520065006100640065007200200035002E003000204EE553CA66F49AD87248672C4F86958B555F5DF25EFA7ACB76840020005000440046002065874EF63002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars true
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines true
        /ConvertTextToOutlines true
        /GradientResolution 175
        /LineArtTextResolution 2400
        /PresetName (2400dpi)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 0
      /MarksWeight 0.283460
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /JapaneseWithCircle
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed true
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.275 841.890]
>> setpagedevice


