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Abstract. The objective of this study was to perform a tensile test on isotropic and 
orthotropic plates with holes and measured deformations around their hole by us-
ing the method of digital image correlation (DIC). The results of this measure 
were used to determine the local stress at the edge of the hole and measured the 
net and global stress concentration factor for isotropic and orthotropic materials 
and see the difference between the two types of materials. 

This paper presents an analysis of the net and global stress concentration factor 
for different hole diameters and their influence on the isotropic and orthotropic 
material using a camera DIC. 

Keywords: orthotropic, isotropic, plate with hole, stress concentration factor, 
digital image correlation DIC. 

1 Introduction 

The stress concentration is a local phenomenon that increases the stresses in an 
area having a geometrical modification of the part. This discontinuity appears in a 
part of the structure or with the presence of a cut (hole, notch  ...). The stress con-
centration area is often the site of initiation failure, but may also be the cause of a 
sharp break in the case of a brittle material. Heywood [1] Peterson [2] and Pilkey 
[3] studied several forms of stress concentration for isotropic materials with a 
wide range of holes. Howland [4] determined the solution of the rectangular iso-
tropic plate problem with a hole in the center with a tensile load. Peterson and 
Heywood introduced different equations for a finite plate with different aperture 
shapes. Lekhnitskii [5] and Tan [6] introduced different formulations for the stress 
concentration in orthotropic materials. Lekhnitskii derived an equation for an infi-
nite plate with circular holes. And for a finite orthotropic plate Tan has a various 
equations. 
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2 Digital Image Correlation (DIC) 

The camera allows the use of in situ recording of a burst frame. These are used to 
measure the displacement fields and local deformation. The principle of image 
correlation is to compare local travel in the plane perpendicular to the camera be-
tween two different images. Comparing a said deformed image and the reference 
image allows the measure of local movements (Figure 1). The calculations do not 
take into account the movement of solid body. From these measurements, the local 
deformations are deducted in the directions of the study design. To determine the 
displacement at point of the specimen, it is divided into small images and is 
squared. The grid represents the space between two thumbnail images, they may 
intersect. The user can therefore play on two adjustable parameters are the size of 
the thumbnail images and size of the grid. Although it appears to have the perfect 
pattern thinnest and finest grid in order to gain accurate measurements, this confi-
guration is not always the most suitable. When the grid is too fine, the correlation 
has a noise significant measurement.  

 

Fig. 1 Principle of image correlation: determining an optimal field of displacement by im-
age analysis. Reference image and images solicited are devisees of series thumbnail images 
(set of pixels) [7] 

This method is implemented on plate specimens with hole than is covered with 
a white paint before the test. Is then carried out by spraying an artificial marking 
paint with a speckle pattern on the surface of the material, via a black spray. The-
reafter, the image correlation is performed using the standard software 
ICASOFT® [Icasoft] developed by Fabrice Morestin (Mguil-Touchal and al.1996) 
[7] to LaMCoS laboratory of INSA Lyon (Example Icasoft image with Figure 2). 
The principle is used to match two (original and distorted) images by comparison 
pixel by pixel with using a criterion based on the grid level in order to evaluate the 
displacement field and the corresponding strain. 
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.  

Fig. 2 Example of an image with camera DIC 

3 Experimental Study 

The equipment used for the tests of uniaxial tension is: traction machine EZ20 
with computer controlled device and image acquisition, including a lamp for light-
ing. The tests summers Films has captured with the camera positioned facing the 
test, all using software (Icasoft, INSA Lyon, LAMCOS-MSE) to determine dis-
placement fields and strain. See Figure 3: 

 

Fig. 3 Diagram of the mechanical acquisition data and digital images with a uniaxial tensile 
test. 

Tensile tests were carried out in a universal testing range of the EASY TEST 
Machine combine flexibility with exceptional usability, EZ20 model with trans-
verse hydraulically setting with constant velocity about 2 mm / min, with ambient 
temperature. 

Tensile tests were performed according to standard ASTM D3039 [8] (Figure 
4), using a minimum of twelve specimens (The most current specimens to ASTM 
D3039 has a constant rectangular cross-sectional dimensions: 250 mm long x 25 
mm wide x 2 mm thick test .A typical speed for standard test samples of 2 mm / 
min) for each family of laminate. 

Lamp 
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machine  

Camera DIC 

Software 
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PC 
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Fig. 4 Standard ASTM D3039 [20] 

The specimens were made from carbon / epoxy with 0.22 mm thick. The tapes 
were strength carbon fibers (T700) high strength unidirectional of M21 Hexcel 
epoxy resin (35% resin). The plate contains eight unidirectional layers [0/90] 2s 
laminate with a total thickness of 1.76 mm. These tacking sequences have helped 
to get an overview of the evaluation with different types of damage in notched 
specimens under uniaxial loading using DIC. 

The specimens were prepared by bonding the end of glass fiber / epoxy lami-
nate legs. This procedure resulted in the available 150 mm2 of the sample for the 
tensile test surface. Figure below shows the laminated specimens with different 
diameters: 

 

Fig. 5 specimens of plate 

4 Results 

With an ambient temperature, it was two families of tests: steel and composite 
plates with different hole in the center with the same size and speed of loading 
(Figure 6) .on notice the break in the steel is still in hole and perpendicular to the 
loading, against composite the breakage is around the hole but the orientation of 
crack always followed the direction of tissue .In our example we have a orienta-
tion tissue [0.90]2s. So the crack almost perpendicular to the load. 
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Fig. 6 Tensile test for a composite plate with hole (a=4mm) 

Thereafter we can plot the stress-time curve for the composite plate (Figure7) 
such that we can see the first damage and then the fiber break with the total damage:  
 

 

Fig. 7 Stress-Time curve for a composite plate with hole (a=4mm) 

Fig. 8 Stress-Strain curve for a steel plate 
with different diameters 

Fig. 9 Stress-Strain curve for a composite 
plate with different diameters 
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Fig. 10 Variation of failure stress with a different hole diameter 

 

Fig. 11 Image of damaged Steel plate Fig. 12 Image of damaged steel plate with 
camera DIC 

Fig. 13 Image of damaged composite plate Fig. 14 Image of damaged composite plate 
with camera DIC 
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Before beginning the analysis of the diameters influence on the intensity of 
stress concentration, it is necessary to present the general appearance of the stress 
respect to strain (Figures 8-9). 

In addition, it is important to know the failure stress of each hole diameter to 
estimate its influence on the resistance plate (Figure 10). 

Note that the failure stress down with increasing of notch diameter .We con-
clude that the hole size has a very important role in the resistance of plaque rup-
ture. For this we used the method of image correlation with DIC camera that gives 
travel and local deformations to determine the local stresses at geometric disconti-
nuity. Thereafter we can see in Figures (11-18) images of holes in steel and com-
posite plates given by DIC camera: 
Figure (15) shows the variation of the longitudinal strain (ε11) along the y axis 
and passing through the center hole, this variation measured from DIC camera. 
In These planar structures, the state of stress is fairly well represented by a plane 
stress tensor, that: 
 

 

Fig. 15 Variation of the longitudinal strain (ε11) along the y axis 

 
Subsequently, the longitudinal stress around the hole can be calculated from the 
deformation field (ε11 and ε22) obtained from DIC: 

 
Finally we can plot the stress concentration (Kt = σ  /σ   avec σ σ ) with a different hole diameters for steel and composite (carbon / epoxy) materials.  

0,02

0

0,02

0,04

0,06

0,08

0,1

0,12

1,38E+01 1,58E+01 1,78E+01 1,98E+01 2,18E+01 2,38E+01

Y pixel 

11 

Orthotropic material Isotropic material 



524  

 

5 Theoretical Co

Theoretical coefficient of
maximum stress in the zo
minal stress in the section

                       

σ  : Is calculable by n
analytical methods for si
analysis of experimental c
σ  : Is calculable u

specimen like a bar or pla
                   

           σ = 
 
 
 
 
With F: traction, unifor
w: width of the plate. 
h : plate thickness. 

6 Evolution of th
Diameter 

6.1 Case of Isotrop

For a rectangular plate wi
loading in one direction.
stress that is characterized

6.2 Case of Orthotr

For a thin composite plate
hole. The coefficient Kt is

=

M.M. Makki and B. Chok

oefficient of Global Stress Concentration 

f stress concentration is defined as the ratio of the actu
one of discontinuity (notch, hole, for example) to the no
n:  

       Kt = σ  / σ  

numerical methods such as finite element method or b
imple geometries. It is also measured by the technic
constraints such as photo-elasticity or DIC methods. 
sing the formulas of strength materials, considering th

ate without account the geometric discontinuity. 
             

 

rm on edges of plate. 

he Global Stress Concentration with Hole 

pic Material  

ith a circular hole in the middle and subjected to a tensi
. It occurs around the hole increasing the value of th
d by the stress concentration factor KTg Howland [9]: 

 

ropic Material (Composite) 

e (assumed orthotropic) infinite (w >> r) with a central 
s obtained by Lekhnitskii [5]: 

=1+ 2 /   /   

kri

ual 
o-

by 
cal 

he 

ile 
he 



Determination of Stress Con 

 

In our case, the study 
carbon /epoxy (HR [0/90
nite orthotropic plate. 

According to the inve
plate with center hole und
troduced in the form of th

 

With 

7 The Theoretica

Another way to determine
normal stress across the n

surface).  
 

      σ = 

 
 
 

This concentration is know
can be related to the globa
 

ncentration for Orthotropic and Isotropic Materials  52

focuses on an infinite orthotropic plate 3D is made o
] 2s) .According of Table 1 Kt equal to 5.24 for an inf

estigation of Heywood [1] on a rectangular orthotrop
der the action of unidirectional axial load, the factor is in
he following equation: 

 

 

al Value of the Net Stress Concentration 

e the stress concentration is the application of the averag
net section instead of the hole width of the plate (glob

 

wn as the net concentration of stresses KT   [9, 1] and 
al stress concentration factor KT  by:                   KT  = KT (1-a/w) 

25

of 
fi-

pic 
n-

ge 
al 

                               



526 M.M. Makki and B. Chokri 

 

8 Validation by Comparison with the Results of the FE 
Analysis 

8.1 Modelisation with Finite Elements 

To validate our work can be compared with the results found by finite elements 
analysis and with literature. 
A simulation under "ABAQUS 6.12" software was performed with a mesh-like 
continuum Shell hexagonal, progressive and refined around the hole. Two systems 
of different materials are considered: 

Table 1 Material Properties orthotropic carbon / epoxy (T700 / M21 [0 90] 2s) 

Table 
2 E11 

(GPa) 

E22 

(GPa) 

G12 

(GPa) 

ν12 σ11T 

(MPa) 

σ11c 

(MPa) 

τ12 

(MPa) 

148 7.8 4.5 0.35 2375 1465 95 

Table 2 Properties of Isotropic Steel Type 

Elastic modulus E(GPa)  Poisson ratio v mass density  ρ (kg / m3) 

210 0.3 7800 

 
A tensile load of 119 MPa at one and a lock on the opposite. The fineness of 

the mesh is optimized in order to have a steady value of maximum stress. To re-
duce the computation time while maintaining good accuracy, only a quarter of the 
plate is meshed with progressive mesh designed to produce a very fine mesh 
around the hole and larger elsewhere (Figure 16). 

 

   

Fig. 16 gradual meshing of the plate 
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8.2 Evolution of the Stress Concentration with Diameter Hole 
(Isotropic Material): 

The results found after an experiment method with camera DIC and with 
ABAQUS simulation are presented in Table 3: 

 

Table 3 Isotrope Material 

a a/w Kt  

infinite 

Ktg 

DIC 

Ktg 

FEA 

Ktn 

DIC 

Ktn 

FEA 

0,2 0,02 3 3,0048 3,004 2,82 2,78 

2 0,1 3 3,0582 3,04 2,61 2,53 

4 0,2 3 3,1900 3,15 2,34 2,21 

6 0,3 3 3,4097 3,3 2,22 2,07 

8 0,4 3 3,7543 3,6 2,12 1,91 

10 0,5 3 4,2937 4,1 2,06 1,81 

 
For a given width, this ratio Kt equal to 3 for an infinitely thin plate with a cir-

cular hole and thereafter the global stress concentration factor Ktg increases if the 
hole diameter increases against the net stress concentration factor Ktn decreas-
es.(Figure 17 and 18): 

 

 

Fig. 17 Variation Ktg isotropic with ratio a/w 
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Fig. 18 Variation Ktn isotropic with ratio a/w 

For isotropic material we can notes that the results of finite element analysis are 
very close to the results of DIC camera but for the stress concentration Ktg there is 
a difference from a / w = 0.4 compared with Heywood and Howland. 

8.3 Evolution of the Stress Concentration with Diameter Hole 
(Orthotropic Material): 

Table 4 compares the stress concentration between the finite element analysis and 
image correlation method:  

Table 4 Orthotropic Material 

a a/w Kt  

infinite 

Ktg 

(DIC) 

Ktg 

(FEM) 

Ktn 

(DIC) 

Ktn 

(FEM) 

0,2 0,01 5,24 3,4 5,41 2,9 4,81 

2 0,1 5,24 3,9 6,02 2,72 4,12 

4 0,2 5,24 4,52 6,32 2,47 3,2 

6 0,3 5,24 5,26 6,62 2,21 2,8 

8 0,4 5,24 6,43 7,02 1,82 2,1 

10 0,5 5,24 7,12 7,22 1,62 1,7 
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Fig. 19 Variation Ktg orthotropic with ratio a/w 

On observed that a / w is increased when the edges of the plate is closer to the 
hole. Consequently, the lines of force will be more compressed and Ktg increases. 
 

 

Fig. 20 Variation Ktn orthotropic with ratio a/w 
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Note that the net stress concentration decreases if the ratio a / w increases and 
unlike different with global stress concentration factor Ktg. 

It has almost the same variation of KTn respect to a/ w for isotropic and ortho-
tropic material. 

9 Conclusion 

In this work we have used the image correlation method with DIC camera to 
measure the tensile stress concentration and which gives consistent results with 
the finite element analysis and thereafter it is found that the DIC method given a 
best results for a planar structure isotropic or orthotropic. 
The results obtained show that the presence of a geometrical discontinuity in a flat 
plate has a significant effect on the stress concentration to an isotropic and ortho-
tropic material. In addition we see the evolution of global and net stress concentra-
tion respect to different hole diameters for composite and steel.  

Finally, the DIC approach don't provide good results for composite structures 
because this method can be show only the surface damage against the composite 
material having many damage inside the structure (delamination ,cracking  ma-
trix….). 
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