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The paper dealt with experimental measurement of stress distribution on flat specimen with circular hole. The 

main purpose of this paper is comparison of this measurement with numerical analysis. Experimental measure-

ment was realized on loading machine where loaded specimen was recorded with infrared camera and then mea-

sured data was evaluated in specialized software. Numerical analysis were carried out by finite element method 

(FEM). In both cases was evaluated first invariant of stresses which is sum of principal stresses. It was compared 

maximal and minimal values, layout and course on horizontal and vertical lines of stresses for all 4 load states. 
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 Introduction 

Nowadays, a combination of numerous infrared de-
tectors or thermal sensors with advanced signal proces-
sing generates a practical tool for investigating thermal-
stress characteristics of materials and structures from the 
respective surface or part of the space. 

Thermoelastic stress analysis has been used by engi-
neers and scientists for more than 50 years to address 
practical problems. It utilises the principle of sensing the 
energy released during loading in the elastic domain. 
Once loading is removed, the body returns to its original 
position (elasticity) and its original temperature (thermo-
elasticity) [1]. 

 Thermoelasticity and dissipative temperature 

variation 

Thermoelastic stress analysis (TSA) is an experimen-
tal contactless method based on measuring the infrared 
radiation emitted from the component surface exposed to 
dynamically linear elastic strain (deformation). Kelvin 
was the first scientist to study the thermoelastic effect, 
and the basic equations to describe the thermoelastic [2] 
effect were formulated by Darken and Curry. 

The general form of the heat conduction equation for 
elastic body is derived from the energy conservation 
equation, and it can be written as follows:
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Equation (1) uses the Einstein summation convention, 
ρ is the density, LM is the specific heat capacity at constant 
deformation, N is the absolute temperature, O is the ther-
mal conductivity tensor, PQR  and MQR  are the tensors of 
stress and strain, MQR is the inner heat source per unit of 
volume and S is Helmholtz free energy that is dependent 
on O and independent of the internal state variables TO. 

Provided that the material elastic properties and con-
stant material coefficients are temperature independent, 
then it can be derived a 3-dimensional heat conduction 
equation written as follows: 

 
..

0
2

.

21
p

ijijp
e
I

E
TTkTc εσαε

υ
α

ρ ε +







−

−=∆− ,  (2) 

The equation for heat conduction will include the cre-
ation of the thermoelastic and the thermoplastic heat. Pa-
rameter UV

W denotes the first invariant of elastic deforma-
tion tensor UXY

Z is the plastic part of the deformation tensor, 
α is the coefficient of thermal expansion, E Young's mo-
dulus, υ Poisson's ratio and [\ is the initial temperature 
[3]. Non-dimensional coefficient ∝^ is the ratio of the to-
tal plastic work to plastic work, which is converted to 
heat. The value _Z ≅ a because of only a small part of 

the plastic work (obtained energy at cold forming) is used 
to change the inner properties of the material [4-10]. The-
refor the thermoplastic area will be neglected and relati-
onship will be formulated only for thermo-elastic area, 
which has the following form: 
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Where bZ is the specific heat capacity under constant 
pressure and its relationship with bU is as follows: 
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 Thermoelastic measurement 

Type specimens used in analysis were chosen flat spe-
cimens with a circular hole, from material ST 11 523 with 
a size of 49 x 111 mm with a hole diameter of ϕ=12mm. 
The hole was placed in the center of the test specimen. 
Loading was performed in the form of a cyclic load on 
the ZWICK testing machine (Fig. 1). A thermoelastic 
analysis was performed on this specimen, which was then 
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compared with the FEM analysis performed in the 
ADINA program. 

An emissive spray was applied to the surface of the 
specimen, which is primarily intended for long-range IR 
cameras, but for the homogenization of its surface, it has 
now proved to be the best possible solution. To eliminate 
the influence of external factors during the measurement, 
polystyrene boards of thickness of 8 cm was placed from 
3-sides around test machine (Fig. 1). 

 

Fig. 1 Layout of measurement apparatus 
 
The measurement was performed at a cyclic load of 

107 Hz. The sampling frequency was 383 Hz, as the ma-
ximum resolution was reached. The software manual for 
evaluating this experiment recommends that you take at 
least 4 shots during one load period. Since this condition 
was not fully met (383/107 ≠ 4), this measurement was 
slightly sub-sampled, but ultimately it had not effect on 
the quality of the results because the recording time was 
up to 10 seconds. During the experiment, the specimen 
was cyclically loaded only by tension. 

For each load state was recorded 3830 thermograms 
(10s of measurement records). These thermograms were 
evaluated according to the theory of thermoleasticity 
described in theoretical part of this paper. The derived re-
lationship uses the ALTAIR-LI software in which, after 
fitting the material properties of the specimens, we get 
distributions of the stress field of the main stresses for all 
4 loads states (Fig. 2,3).  

Stress fields can observed on these specimens using a 
dynamic range. As the load increases, the signal-to-noise 
ratio at the IR detector output increases, which is reflected 
by a decrease in the number of dark (shaded) areas in the 
images (and also in image sharpness) with increasing 
load. The maximum positive voltage values are plotted on 
the left and right edges of the circular hole. These have a 
decreasing tendency toward the edge of the sample (Fig. 
3). Minimum negative stress values are plotted at the top 
and bottom of the circular hole. These values, as in the 
case of positive values, are analogous to the upward and 
downward pattern of the specimen in the jaws of the loa-
der. Inaccuracies in thermograms (the presence of dark 
shaded areas or low sharpness of the image) (Fig. 2,3) 
could be removed either by a longer measurement time 
by increasing the number of thermograms and then achie-
ving greater precision or by using another filter settings 
for evaluating results. For measurements, the size of one 
pixel was small enough, so it would be better to use a lar-
ger number of pixels to form the median area. 

 

Fig. 2 Distribution of the main stresses of the flat specimen for a load of 0,6 kN on left side and 0,7 on right side 
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Fig. 3 Distribution of the main stresses of the flat specimen for a load of 0,9 kN on left side and 1 on right side

 The comparison of experiments and numeri-

cal solution 

The results of FEM analysis are comparable with the 
results of the experimental measurement. The material 
properties used were, as opposed to the experimental part, 
only: Young's modulus of elasticity E = 200GPa and Po-
isson's μ = 0.3. The geometry of the specimen was iden-
tical to the geometry in the experiment with the only di-
fference, that the length was chosen only from the place 

of attachment in the jaws of the loader. Main stresses 
were evaluated, as well as in the experimental section. For 
the maximum stresses in the area of the circular hole are 
the differences between the FEM analysis and the experi-
mental part in the order of the tenths of MPa, correspon-
ding to a difference of up to 4%. When verifying the mi-
nimum stress value, these differences are even greater, 
mainly due to the poor and unequal stress manifestation 
of the experimental part. The difference was around 12% 
on average. Differences are shown in Tab. 1.

Tab. 1 Comparison of variance of numerical simulation results and experimental measurement 
Load [kN]  Experimental measurement [MPa] Numerical simulation [MPa] Derogation in %, [1] 

0.6 Min. -15.09 -14.76 2.23 
0.6 Max. 38.74 40.28 3.82 
0.7 Min. -15.21 -17.24 11.77 
0.7 Max. 45.49 47.03 3.27 
0.9 Min. -20.56 -22.16 7.22 
0.9 Max. 58.55 60.46 3.16 
1 Min. -19.04 -24.61 22.63 
1 Max. 65.79 67.14 2.01 

 

Fig. 4 Distribution of main stress for experimental measurement on left side and for FEM simulation on right side, load 
1 kN 



June 2018, Vol. 18, No. 3 MANUFACTURING TECHNOLOGY ISSN 1213–2489 

 

indexed on: http://www.scopus.com 485  

 

Fig. 5 The main stresses on the Y and Z axes 

For further comparison, results were selected at the 
load of 1 kN, which are most appropriate due to the gre-
atest thermal expression in the experimental part. 

The distribution of main stresses in FEM simulations 
and experimental measurements is the same. Stress con-
centrators are located in the area of the circular hole. The 
maximum values of the main stresses are located on the 
sides of the hole, the minimum values are located on the 
top and bottom of the opening, in both cases (Fig. 4) 

For a better comparison, graphs of dependence on the 
main stresses in MPa and positions on the specimen, re-
spectively, on the geometric model were plotted. The 
areas of stress progress were selected as shown in Fig. 5. 
The blue curve represents the main stress trend for the ex-
perimental measurement, and the red curve represents the 
FEM analysis (Fig. 6,7). 

 
On the graph of the main stress trend for a line parallel 

to the Y axis from the experimental measurement, we can 
observe a slight displacement of course of the stress. At 
the end, the two curves penetrate and essentially end al-
most at the same stress value with a few tenths of MPa 
difference.

 
Fig. 6 Comparison of the main stresses in the experimental measurement with the main stresses in the numerical analy-

sis, the course by line 1 

 
Fig. 7 Comparison of the main stresses in the experimental measurement with the main stresses in the numerical analy-

sis, the course by line 2 
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On the plot of main stress for a line parallel to the Z 
axis, a slight shift between the curves at the beginning of 
the plot can be observed, the course being identical 
between 10 and 23 millimeters. From 23 millimeters, the 
curve moves through the experimental measurement (Fig. 
7). This shift could be explained by the reflection of radi-
ation from the environment of the jaws of the loader (Fig. 
5), but we can not sufficiently prove the claim. 

 Summary 

The measurement was performed on the basis of ther-
moelastic analysis theory. The flat specimen with hole 
was cyclically loaded and the evaluation was carried out 
after the change of the individual load levels. The stress 
fields of the first stress invariant were evaluated, corre-
sponding to the sum of the main stresses. The results were 
compared with the numerical solution of the problem. 
The difference between the numerical solution and the 
experimental measurement was up to 4%. Based on this 
comparison, experimental measurement is appropriate for 
further use. 
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