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Abstract 
 
A hybrid method for photoelasticity is introduced and applied to the plane problems of isotropic polycarbonate plates 

with a central crack under uniaxial and equal biaxial tensile loads. Also, the influences of equal biaxial tensile loads on 
the isochromatic fringes, stress fields and stress intensity factors near the mixed mode crack-tip have been investigated. 
The results show that, when an equal lateral tensile load is added to the specimen under uniaxial tensile load, the 
asymmetric isochromatic fringes about the line of crack gradually become symmetric, and the slope of the isochromatic 
fringe loop near the crack-tip is inclined towards the crack surface according to the increasing of the inclined angle of 
crack. Furthermore, the shapes of distribution of all stress components are changed from asymmetric to symmetric. In 
the equal biaxial tensile load condition against the uniaxial tensile load condition, the values of stress intensity factors 
are changed little, and only the region of compressive stress of 0/σ σx  is changed when β ＝0o, but the values of 

0/IK K  are increased and those of 0/IIK K  become almost zero, namely, we have the mode I condition when 
β ＝15o~45o.  
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1. Introduction  

To date, there have been various theoretical meth-
ods and experimental methods to analyze the stresses 
in elasticity plane problems, and although these can 
give the correct solutions for relatively simple prob-
lems, they cannot, however, give the correct solutions 
for irregular geometric shapes and complex loads 
found in realistic, practical problems. The solution is 
to use a hybrid method that combines the merits of 
the experimental, numerical and analytical methods, 
etc., and many studies have been carried out as pre-
sented next. 

Pian, Tong and Luk [1] analyzed the elastic crack 
problem using hybrid elements in the finite element 

method. Chandrashekhara and Jacob [2] suggested 
the experimental-numerical hybrid method for the 
stress analysis of the plane problem of orthotropic 
material. Smith, Post, Hiatt and Nicoletto [3] meas-
ured the deformation in the vicinity of a crack tip 
using the hybrid approach with the moire method. 
Shin et al. [4-6] studied the stress fields and stress 
intensity factors (SIFs) near the crack-tip in elastic 
materials and orthotropic materials using the hybrid 
method for transmission type photoelasticity. But, 
there has been little research on biaxial loading prob-
lems using the hybrid concept, especially, hybrid 
method for photoelasticity.  

In the actual structural components or machine 
parts, the loading conditions are rarely uniaxial, but 
typically biaxial or even triaxial. Therefore, experi-
mental studies on the various biaxial stress states, 
which are more actual stress state rather than uniaxial 
stress, must be carried out. In the study of biaxial 
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loads, Kim and Crasto [7] studied the interaction be-
tween both longitudinal tension and transverse com-
pression, and longitudinal compression and transverse 
compression, using the graphite-epoxy mini-sandwich 
specimens.  

Swanson and Christoforou [8, 9] have also con-
ducted similar research using tubular specimens, and 
found that there is little interaction between longitu-
dinal loading and transverse loading when matrix-
dominated modes are restrained. Lim and Choi et al. 
[10] studied the theory of the biaxial load effects on 
crack extension in anisotropic solids, using the maxi-
mum circumferential tensile stress criterion. Shima-
moto et al. [11] obtained the stress intensity factors 
according to various biaxial load ratios in the cruci-
form specimens of elastic and anisotropic material by 
the photoelastic and caustic methods. Shin et al. [12] 
suggested the improved cruciform biaxial specimen 
with slots in the loading parts and ascertained its va-
lidity by means of finite element analyses and photoe-
lastic experiments. Shin’s paper [12] showed that, 
even though the load biaxiality ratio γ =1, the stress 
biaxiality ratios in central region of cruciform biaxial 
specimen differ according to the position from the 
center of specimen. Therefore, we use the word, 
“equal biaxial tensile load” that is, not “equal biaxial 
tensile stress.”  

However, there has been little research on the in-
fluences of equal biaxial tensile loads on the isochro-
matic fringes, near crack tip stress fields and stress 
intensity factors in the mixed mode using the photoe-
lastic experiment, not to mention the hybrid method 
for photoelasticity. Thus, this paper presents a pro-
posed study of these phenomena using the hybrid 
method for photoelasticity. 

 

2. Basic theory  

2.1 Near crack-tip stresses for linear elastic isotropic 
material  

Stress components of the plane problem, obtained 
from the Airy stress function for linear elastic iso-
tropic material, are [13]  
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where ( )φ z  and ( )ϕ z  are arbitrary harmonic ana-
lytic functions with = +z x iy .  

Since the stress functions ( )φ z  and ( )ϕ z  are 
analytic functions, they can be expressed by the 
power series as follows: 
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From the traction-free condition on the crack sur-

face ( 0θ θσ τ= =r ), we have 
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Thus substituting π±  for θ  into Eq. (3), we ob-

tain 
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As shown in Eq. (4), if nC  is determined, ( )φ z  

and ( )ϕ z  can be determined through Eqs. (2) and 
(5). Then we can define the stress components ex-
pressed by the power series as follows:  
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2.2 Hybrid method for photoelasticity 

To apply Eq. (5) to the photoelastic experiment, 
substituting it into the stress optic law [14] gives 
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where 
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where f is the stress fringe value of the photoelastic 
specimen, t  is the thickness of specimen, z  is the 
position from the crack-tip, and fN  is the isochro-
matic fringe order at the position z . Therefore, the 
unknown quantities in Eq. (6) are only the complex 
coefficients = +n n nC a ib . The real numbers na  and 

nb  can be obtained by the nonlinear least squares 
method for the photoelastic experiment [5]. Thus, 
substituting the obtained nC  into Eq. (4), we can 
calculate the nD  and determine the stress functions 

( )φ z  and ( )ϕ z  from Eq. (2). Then, applying the 
nC  to Eq. (5) gives the stress components near the 

crack-tip. This process is known as the hybrid method 
for photoelasticity for linear elastic isotropic material. 

The relationships between the SIFs and the com-
plex coefficients nC  are given in Eq. (7) [4, 6] 
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where 0σ  is tensile stress applied to the specimen, 
a  is half of the crack length and ( )1 1 1= +C a ib  is 
the complex coefficient when n=1.  

 
3. Experiment and experimental method  

For this research, a hydraulic type biaxial loading 
device was used, which was developed by the authors 
(see Fig. 1) [15]. The device can produce both dy-
namic and static state, and control various load ratios 
between X-Y axes under biaxial loading condition 
since the two axes are independent of each other.  

The photographs of isochromatic fringe pattern 
were taken by CCD camera system (FASTCAM-Net 
500C/1000C/ Max: PHOTRON). 

The photoelastic specimens were poly-carbonate 
plate (PS1S, Measurements Group, Inc) and had been 
manufactured by end-milling by using a vertical ma-
chining centre (MC) as shown in Fig. 2. For all the 
specimens, the height and width are 300 mm, the 
thickness ( t ) is 3 mm and the width of specimen 
arms (w) is 140 mm. 

Almost a whole central crack was machined, with 
an inclined angle, β =0o, 15o, 30o, 45o, by a long end-
mill of 0.8 mm diameter, and then the crack was pol-
ished with a razor until the total length of crack ( 2a ) 
was 30 mm, in order to make it similar to a natural 
crack. The stress fringe value ( f ) of specimen used 
in this research is 6.993 kN/m-fringe. It is important 
to note that even though the equal biaxial load is ap-
plied to the specimen, the state of stress in the central 
test region of the specimen is no equal biaxial stress 
condition.  

Photoelastic experiments under biaxial tensile load-
ing ( ' ':X YP P =1) were carried out after those under  

Front view of
loading arm part 

Front view of
loading arm part 

Front view of
loading arm part 

 
 
Fig. 1. Photograph and schematic drawings of the biaxial loading device. 
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Fig. 2. Dimension of cruciform specimen. 

 
uniaxial tensile loading ( ' ':X YP P =0) were accom-
plished. 

Note that the ( 'X , 'Y ) is a Cartesian coordinate 
system in which the 'X -axis is parallel to the direc-
tion of the horizontal arms of the biaxial loading de-
vice and the central point of specimen is the origin, 
but the (X, Y) is one in which X-axis is parallel to the 
horizontal line and the crack tip is the origin. In addi-
tion, the (x, y) is a coordinate system where the x-axis 
coincides with the line of crack and the origin is the 
crack tip, as shown in Fig. 2. 

Doyle et al. [16] had pointed out that the region for 
photoelastic isochromatic fringe data collection is 
very important to solve the unknown variables in 
fracture problems. Therefore, in order to achieve pre-
cise experimental results in this research, we should 
uniformly select most of the 300 experimental data on 
the x.0 or x.5 fringe orders of the isochromatics in the 
region, where the distance from the crack tip is 
greater than 0.2~0.3 mm, and /r a  is less than 0.7, 
and we should expand the power series of stress func-
tion to n=11~13. 

 
4. Experimental results and discussion 

Fig. 3 shows that the actual isochromatic fringe pat-
terns obtained from photoelastic experiments, and the 
regenerated ones calculated from the obtained stress 
components through the hybrid method for photoelas-
ticity, when the uniaxial tensile load ( γ =0), and the 
biaxial tensile load ( γ =1) were applied to the biaxial 
specimens with a central crack of inclined angle, 
β =0o ~ 45o . Here, the γ  means the biaxial load 
ratios ( ' '/X YP P ). The whole actual isochromatics on 

the left sides of each case were represented, and the 
areas marked by “□” are the regions selected for 
comparing regenerated isochromatics with actual 
ones. The photos on the right side of each case are the 
actual isochromatics (upper part) and regenerated one 
(lower part), respectively, and “+” marks in the gen-
erated one indicate the positions where the isochro-
matic fringes were measured on each half fringe order. 
As shown in Fig. 3, the regenerated isochromatic 
fringes are almost identical to the actual ones, and “+” 
marks are located at the center of x.0 (black) or x.5 
(white) order isochromatics. Thus, it can be verified 
that the hybrid method for photoelasticity used in this 
research is effective. 

It can be seen from the isochromatic fringe patterns 
(see Fig. 3(a), (c), (e), (g)) in the selected regions in 
cases of uniaxial tensile loading ( γ =0), as the in-
clined angle of crack, β  increases, the size of the 
same order loop of isochromatics above and below 
the positive X-axis (i.e., the horizontal line in front of 
crack tip) becomes smaller, and the slope of isochro-
matics’ loop is slanted toward the opposite side to the 
crack surface (i.e., x-axis). Also, it should be noted 
that the loop of isochromatics ahead of the crack tip is 
nearly symmetric about the X-axis. 

For the cases of biaxial tensile loading ( γ =1) (Fig. 
3(b), (d), (f), (h)), on the other hand, the size of the 
same order loop of isochromatics above and below 
the positive x-axis (i.e., the line of crack) at each an-
gle, is almost identical, and the slope of isochromat-
ics’ loop is slanted toward the crack surface. It should 
be noted that, contrary to the cases of γ =0, the loop 
of isochromatics near the crack tip is almost symmet-
ric about the x-axis, namely, under the mode I condi-
tion, unlike uniaxial tensile loading. It can also be 
seen that the phenomenon that the two isochromatic 
fringes of N=0 (black spots in circular isochromatics) 
above and below the crack surface, become one when 
the inclined angle of crack, β  is more than 30o. 

In addition, when an equal lateral tensile load is 
added to the specimen under uniaxial tensile loading, 
the isochromatic fringe loops, which were asymmet-
rical about the x-axis (but symmetrical about the X-
axis in front of crack), gradually become symmetric, 
and the slope of isochromatic fringe loop near the 
crack-tip is inclined toward the crack surface, accord-
ing to the increase of inclined angle of crack. Namely, 
the mixed mode condition is changed into the mode I 
condition. 

Figs. 4 and 5 show contours of the normalized  
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          (a) ' ':X YP P =0 kg : 400 kg ( 0β = o )                 (b) ' ':X YP P =400 kg : 400 kg ( 0β = o ) 
 

          (c) ' ':X YP P =0 kg : 400 kg ( 15β = o )                 (d) ' ':X YP P =400 kg : 400 kg ( 15β = o ) 
 

           (e) ' ':X YP P =0 kg : 400 kg ( 30β = o )               (f) ' ':X YP P =400 kg : 400 kg ( 30β = o ) 
 

          (g) ' ':X YP P =0 kg : 400 kg ( 45β = o )            (h) ' ':X YP P =400 kg : 400 kg ( 45β = o ) 
 
Fig. 3. Actual isochromatics and regenerated isochromatics for isotropic material. 
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(a) 0β = o  

   
(b) 15β = o  

 
(c) 30β = o  

  
(d) 45β = o  

                 0/σ σx             0/σ σy                  0/τ σxy  
 
Fig. 4. Contour lines of normalized near crack tip stresses with biaxial load ratios, γ =0 ( ' ':X YP P = 0 kg : 400 kg) obtained from 
the hybrid method for photoelasticity. 
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(a) 0β = o  

   
(b) 15β = o  

   
(c) 30β = o  

   
(d) 45β = o  

                 0/σ σx              0/σ σy              0/τ σxy  
 
Fig. 5. Contour lines of normalized near crack tip stresses with biaxial load ratios, γ =1 ( ' ':X YP P = 400 kg : 400 kg) obtained 
from the hybrid method for photoelasticity. 
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stress components ( 0/σ σx , 0/σ σy  and 0/τ σxy ) in 
the vicinity of the crack tip, obtained from the hybrid 
method for photoelasticity in the cases of γ =0 and 
γ =1 in the Fig. 3, respectively. The stresses are nor-
malized by the applied far field stress ( 0 ' /( )YP w tσ = ⋅ ), 
and the contour lines have been increased by 0.1 steps. 
Remembering that the (X, Y), in Figs. 4 and 5, is a 
Cartesian coordinate system, the X-axis is parallel to 
the horizontal line and the crack tip is the origin, as is 
mentioned above, and the stresses are calculated with 
respect to the Cartesian coordinate system (x, y), thus 
the crack surface (namely the negative x-axis) in each 
case has been rotated in β  degrees counterclock-
wise to the negative X-axis. In Figs. 4 and 5, we can 
see that the values of σ y  and τ xy  on the crack sur-
face are zero, that is, the traction-free condition is 
satisfied. 

In Fig. 4 ( γ =0), comparing the shapes and orders 
of contour lines of stress components according to the 
increase of the inclined angle of crack, it can be ob-
served that, for the 0/σ σx , the perfect symmetric 
stress contour about the line of crack (x-axis) when 
β =0o changes to asymmetric, and the necked part of 
“ω -shape” gradually becomes flat, and the region of 
the compressive stress above the crack surface gradu-
ally narrows. For the 0/σ σy , the stress contour is 
changed into the shape rotated a little clockwise to the 
line of crack, and the region of the compressive stress 
above the crack surface appears, and gradually be-
comes wider, contrary to the 0/σ σx . Next, in relation 
to the 0/τ σxy , the stress contour is changed to 
asymmetric, and the slope of stress contours is gradu-
ally slanted counterclockwise to the X-axis, similarly 
to the 0/σ σx , and the region of the compressive stress 
above the crack surface gradually narrows and disap-
pears at β =45o. 

In the case of Fig. 5 with γ =1, in contrast to Fig. 4, 
it can be seen that the distributions of all the stresses 
are symmetric about the line of crack (i.e., in the 
Mode I condition), and the shapes of the distribution 
are very similar to each other, regardless of the in-
clined angle of crack. Taking the x-axis (the line of 
crack) as a base line, the orders as well as the distribu-
tion shapes of stress contour lines for the 0/σ σx  and 

0/τ σxy  are similar to each other. For the 0/σ σy , the 
distribution shapes of stress contours are symmetric 
about the line of crack, but the value of the highest 
order at crack tip becomes smaller as the inclined 
angle of crack increases. 

Comparing both cases of the uniaxial tensile load-

ing and the equal biaxial tensile loading, in β =0o, 
the distribution shapes and the orders of stress con-
tour lines are almost identical, except for the change 
of the compressive region of 0/σ σx . In other words, 
when an equal lateral tensile load is added to the spe-
cimen under uniaxial tensile load with β =0o, only 
the change of the compressive region of 0/σ σx  oc-
curs, thus consequently, the change of isochromatic 
fringe patterns is resulted from only the change of 
σ x . For the cases of β =15o ~ 45o, the asymmetrical 
stress contours about the x-axis under uniaxial tensile 
loading are changed into symmetrical ones, and this 
transition might cause the change of the orders of the 
stress contours. 

It is important to note that the mixed mode condi-
tion under the uniaxial tensile loading is changed into 
the mode I condition when the x-axis is taken as a 
base line, and that only the compressive region of 

0/σ σx  is changed as compared with the contours of 
the stresses under uniaxial tensile loading with β =0o. 

Fig. 6 represents the normalized stress intensity fac-
tors for each case of Fig. 3, which are calculated from 
the complex coefficients obtained from the hybrid 
method for photoelasticity and normalized by 

0K (= 0σ πa ). Comparing the results of biaxial ten-
sile load with those of uniaxial tensile loading, the 
value changes of 0/IK K  and 0/IIK K  in case of 
β =0o are very small in this research condition as 
shown in Fig. 6. However, it is remarkable that the 
values of the mixed mode condition in γ =0, when 
β =15o ~ 45o, are changed into those of the mode I 
condition, that is, the values of 0/IIK K  become 
almost zero and the values of 0/IK K  are increased. 
In addition, the values of 0/IK K  in the equal biaxial  
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Fig. 6. Normalized stress intensity factors with the inclined 
angle of crack. 
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tensile loading become gradually smaller as the in-
clined angle of crack increases. The variation of SIFs 
in Fig. 6 is coincidental with one of the isochromatics 
in Fig. 3, and one of the stress contours in Figs 4 
and 5. 

 
5. Conclusions 

The following conclusions were obtained through 
the study on the influences of the equal biaxial load 
on the stress components, and stress intensity factors 
in the vicinity of crack tip, when the uniaxial tensile 
load and the equal biaxial tensile load are subjected to 
the isotropic polycarbonate plates with the various 
inclined angle of crack. 
1.  The hybrid method for photoelasticity has been 

introduced and its validity for the biaxial tensile 
loading test was verified in this research. 

2.  As the equal lateral load is subjected to the speci-
men under uniaxial tensile loading, regardless of 
the inclined angle of crack, the isochromatic fringe 
loops which were asymmetric about the line of 
crack (but symmetric about the X-axis in front of 
the crack) become symmetric ones, i.e., mode I 
condition, and the slopes of isochromatic fringe 
loops near the crack-tip are inclined toward the 
crack surface, according to the increase of inclined 
angle of crack. 

3.  When β =0o, applying the equal lateral tensile 
load resulted only in the change of compressive 
region of 0/σ σx , but it did not affect the orders 
and the distribution shapes of stress contours of 
σ y  and τ xy . Thus, the change of isochromatic 
fringe patterns was caused by the value change of 
σ x . 

4.  When β =15o ~ 45o, the asymmetrical stress con-
tours about the line of crack (i.e. x-axis) under uni-
axial tensile loading are changed into symmetrical 
ones, and only the compressive region of 0/σ σx  
is changed as compared with the contours of the 
stresses under uniaxial tensile loading with β =0o. 

5.  In this research, when the equal lateral load is sub-
jected to the specimen under uniaxial tensile load-
ing, the stress intensity factors in the case of 
β =0o are not changed much, but the values of 

0/IK K  are increased, and those of 0/IIK K  be-
come almost zero when β =15o ~ 45o. 

6.  As the inclined angle of crack increases, under 
biaxial tensile loading, the values of 0/IK K  be-
come smaller, but there is little difference. 

Acknowledgment 

This research was supported by Yeungnam univer-
sity research grants in 2007. 

 
References 

[1] T. H. H. Pian, P. Tong and C. H. Luk, Elastic Crack 
Analysis by a Finite Element Hybrid Method, 3rd 
Conf. Matrix Meth. Struct. Mech, Wright-Patterson 
Air Force Base, Ohio (1971). 

[2] K. K. Chandrashekhara and K. Jacob, Experimental 
Numerical Hybrid Technique for Stress Analysis of 
Orthotropic Composites, Edited by Hollister, Ap-
plied Science Publication (1977) 67-78. 

[3] C. W. Smith, D. Post, G. Hiatt and G. Nicoletto, 
Displacement Measurements Around Cracks in 
Three dimensional Problems by a Hybrid Experi-
mental Technique, Exp. Mech. 23 (1983) 15-20. 

[4] D. C. Shin, J. S. Hawong, H. J. Lee, J. H. Nam and 
O. S. Kwon, Application of Transparent Photoelas-
tic Experiment Hybrid Method to the Fracture Me-
chanics of Isotropic Material, Trans. Korea Soc. 
Mech. Eng. (Series A) 22 (1998) 834-842. 

[5] D. C. Shin, J. S. Hawong, J. H. Nam, H. J. Lee and 
O. S. Kwon, Application of Transparent Photoelas-
tic Experiment Hybrid Method to the Fracture Me-
chanics of Orthotropic Material, Trans. Korea Soc. 
Mech. Eng. (Series A) 22 (1998) 1036-1044. 

[6] J. S. Hawong, D. C. Shin and H. J. Lee, Photoelastic 
Experimental Hybrid Method for Fracture Mechan-
ics of Anisotropic Material, Experimental Mechan-
ics 41 (2001) 92-99. 

[7] R. Y. Kim and A. S. Crasto, Failure of Carbon Fi-
ber-Reinforced Epoxy Composites under Combined 
Loading, Proceedings of the Ninth International 
Conference on Composite Materials(ICCM IX) V 
(1993) 15-22. 

[8] S. R. Swanson and A. P. Christoforou, Response of 
Quasi-Isotropic Carbon/Epoxy Laminates to Biaxial 
Stress, Journal of Composite Materials 20 (1986)  
457-471. 

[9] S. R. Swanson, Biaxial Failure Criteria for Tough-
ened Resin Carbon/Epoxy laminates, Proceedings 
of the American Society for Composites 7th Techni-
cal Conference (1992) 1075-1083. 

[10] W. K. Lim, S. Y. Choi and B. V. Sankar, Biaxial 
Load Effects on Crack Extension in Anisotropic 
Solids, Engineering Fracture Mechanics 68 (2001) 
403-416. 



 D.-C. Shin et al. / Journal of Mechanical Science and Technology 23 (2009) 2320~2329 2329 
 

  

[11] A. Shimamoto, J. H. Nam, T. Shimomura and E. 
Umezaki, Determination of SIF in isotropic and ani-
sotropic body by the Photoelastic and Caustics 
Methods under Various Load Ratios, Key Engineer-
ing Materials 183-187 (2000) 115-120. 

[12] D. C. Shin, B. G. Nam, J. H. Nam, J. S. Hawong 
and K. Watanabe, A Study on the Cracked Specimen 
for Biaxial Tensile Loading Test, Key Engineering 
Materials 326-328 (2006) 1331-1334. 

[13] N. I. Muskhelishvili, Some Basic Problems of the 
Mathematical Theory of Elasticity (1933), English 
translation, 4th Edition, P. Noordhoff Ltd., Gronin-
gen, Netherlands (1963). 

[14] R. C. Sampson, A Stress-Optic Law for Photoelas-
tic Analysis of Orthotropic Composites, Exp. Mech. 
10 (1970) 210-215. 

[15] J. H. Nam, A. Shimamoto and T. Shimomura, 
Development of Hydraulic Servo Dynamic Biaxial 
Loading Device, Journal of the Japanese Society 
for Non-Destructive Inspection 52 (2003) 349-354. 

[16] J. F. Doyle, S. Kamle and J. Jakezaki, Error 
Analysis of Photoelasticity in Fracture Mechanics, 
Exp. Mech. 21 (1981) 429-435. 

 
 

Dong-Chul Shin received the 
B.S., M.S. and Ph.D. degrees in 
Mechanical Engineering from 
Yeungnam University in 1995, 
1997 and 2001, respectively. Dr. 
Shin studied at the University of 
Tokyo, Japan, for three years 
(from April, 2005 to January, 

2008) as a Post-Doctoral fellow (supported by Korea 
Research Foundation (KRF) and Japan Society for the 
Promotion of Science (JSPS)). 

Dr. Shin is currently a Research Professor at the School 
of Mechanical Engineering at Pusan National University, 
Korea. His research interests include the static and dy-
namic fracture mechanics, stress analysis, and fracture 
criteria of piezoelectric ceramics, etc. 

 

Jai-Sug Hawong received a 
B.S. in Mechanical Engineer-
ing from Yeungnam University 
in 1974. Then he received his 
M.S. and Ph.D. degrees from 
Yeungnam University in Korea 
in 1976 and from Kanto Ga-
kuin University in Japan in 

1990, respectively. Prof. Hawong is currently a pro-
fessor at the School of Mechanical Engineering at 
Yeungnam University, in Gyeongsan city, Korea. He 
is currently serving as vise-president of Korea Society 
Mechanical Engineering. His research interests are in 
the areas of static and dynamic fracture mechanics, 
stress analysis, experimental mechanics for stress 
analysis and composite material etc. 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts 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
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /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
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /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
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


