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Abstract—Yield point represents the upper limit of forces which 

can be applied on a specimen without causing any permanent 
deformation. After yielding, the behavior of specimen suddenly 
changes including the possibility of cracking or buckling. So, the 
accumulation of damage or type of fracture changes depending on this 
condition. As it is difficult to accurately detect yield points of the 
several stress concentration points in structural steel specimens, an 
effort has been made in this research work to develop a convenient 
technique using thermography (temperature-based detection) during 
tensile tests for the precise detection of yield point initiation. To verify 
the applicability of thermography camera, tests were conducted under 
different loading conditions and measuring the deformation by 
installing various strain gauges and monitoring the surface temperature 
with the help of thermography camera. The yield point of specimens 
was estimated by the help of temperature dip which occurs due to the 
thermoelastic effect during the plastic deformation. The scattering of 
the data has been checked by performing repeatability analysis. The 
effect of temperature imperfection and light source has been checked 
by carrying out the tests at daytime as well as midnight and by 
calculating the signal to noise ratio (SNR) of the noised data from the 
infrared thermography camera, it can be concluded that the camera is 
independent of testing time and the presence of a visible light source. 
Furthermore, a fully coupled thermal-stress analysis has been 
performed by using Abaqus/Standard exact implementation technique 
to validate the temperature profiles obtained from the thermography 
camera and to check the feasibility of numerical simulation for the 
prediction of results extracted with the help of thermographic 
technique.  

 
Keywords—Signal to noise ratio, thermoelastic effect, 

thermography, yield point. 

I. INTRODUCTION 

HE mechanical behavior of structural members and 
engineering materials is generally discussed by two 

important parameters, stress and strain. To determine the yield 
point of a specific specimen, mostly the stress is plotted against 
the strain. Previously, during the deformation process of a 
specimen, the variation of temperature is generally disregarded. 
This research focuses to detect the yield point by using the basic 
principle of thermoelastic effect and the comparison of results 
with the traditional method of determining yield point by 
utilizing the proof stress method just for validation purposes. 

According to Hill [1], the yield point in structural steels can 
be defined as the instant when the plastic deformation first 
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becomes possible as the load is increased. It represents the 
upper limit of forces that can be applied on a specimen without 
causing any permanent deformation. When a specimen is 
subjected to loading, elastic limit is the moment when there will 
be initial plastic localization, while yield point can be defined 
as the instant when the specimen first begins to deform 
plastically. It is essential to understand that elastic limit and 
yield point are two different aspects. When both are not 
synchronized, the body will behave completely as a rigid object 
at the respective loading interval [1].  

For the uniaxial tensile loading test, yielding initiation is 
based on three criteria which are characterized as the limit of 
elasticity, limit of proportionality, and the yield point. 
According to Burczyński et. al., [2] the limit of elasticity is 
defined as the highest value of stress applied that can be resisted 
by material without any measured value of irreversible 
deformation. A constant incremental procedure of loading and 
unloading is required to determine the limit of elasticity. Due to 
this reason, it is sometimes replaced as the limit of 
proportionality defined as the greatest value of applied stress 
that holds a directly proportional relationship to the strain value. 
Finally, the yield point is defined as the stress at which an 
irreversible (plastic) strain value equal to 0.2% can be obtained 
[2]. The present study introduced an efficient method of yield 
point identification with the help of infrared thermography 
technique, which detects the temperature increase in steel 
(owing to its elasto-plastic nature) associated with the 
application of loading on the specimen due to the plastic 
deformation. 

In thermography, by utilizing infrared (IR) radiations 
emanated from the object an IR thermographic camera 
encapsulates and makes the image of the specimen. IR 
radiations are converted into electrical signals and exhibited on 
a monitor in the form of a colored image in which various colors 
indicate different temperature levels. The energy rate emitted in 
the form of thermal radiations strongly depends on the object’s 
surface temperature [3]. The first thermography camera was 
developed in 1929 by a great scientist named Kalman Tihanyi. 
In the past years, this invention made revolutionary 
development in the field of medical sciences [4], [5]. For the 
assessment of damage and investigations related to structural 
health conditions, thermal images provided by a thermographic 
camera proves to be an excellent tool [6], [7]. In the field of 
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engineering and material science, the thermographic technique 
works on the fundamental concept of thermomechanical 
coupling i.e., evolution of temperature due to deformation of 
material by applying the load which was first studied by Lord 
Kelvin in 1853 [8]. This concept was further enhanced by [9] 
by introducing the dissipation function in terms of entropy 
along with the thermoelastic potential. Reference [10] proposed 
a method to evaluate the plastic deformation phenomena in a 
steel specimen by using the thermal video system (TVS-2100) 
and developed the surface temperature distribution of the 
specimen by changing its strain rate. By changing the strain rate, 
the size of plastic zone is affected, consequently altering the 
strength and overall fracture pattern of the specimen [11]. 

The standard method of tensile testing has been employed 
along with the thermography technique to study the 
deformation pattern and the associated heat generation for 
different kinds of materials. The rise of maximum temperature 
depends on the type of material, conditions in which tests were 
performed and the deformation pattern showed by respective 
material during the loading process. The non-destructive (NDE) 
thermography technique proved to be a potential tool for the 
recognition of thermal gradients and the plastic strain 
distribution by applying various loading rates. Visualization of 
failure and the deformation area, strain localization position and 
time, amount of dissipated heat energy, degree of change in the 
internal energy, identification of various stages can only be 
possible with the help of the IR thermography method [12]-[15].  

In this study, a NDE method called the IR thermography 
technology, which entails no direct contact with the specimen 
and acquires thorough temperature mapping has been employed 
to stipulate the determination of yield point during the tensile 
testing of structural steel specimens. The method is based on 

the concept of thermomechanical coupling due to the force 
applied during the uniaxial tension test. For yield point 
detection, the concept of thermoelastic effect has been 
employed throughout this research work which explains that the 
stressing is isentropic (occurring at constant entropy and is 
reversible in nature) process in the range of elastic stress applied 
to the tensile specimen. The temperature profile from 
thermograms obtained through thermography camera was also 
validated by using fully coupled thermal stress numerical 
analysis performed using Abaqus.  

II. METHODOLOGY AND DESCRIPTION  

This research work has been divided into two major parts: 
Laboratory testing and numerical simulation. In laboratory 
testing, uniaxial tensile testing of specimens has been 
performed and the deformation was measured by installing 
various strain gauges and monitoring the surface temperature 
with the help of a thermography camera. The stress-strain 
behavior and the temperature profiles are then superimposed to 
study the relationship between deformation and temperature 
behavior. In the second fold, alongside the experimentation, the 
simulations have been carried out using fully coupled 
temperature displacement analysis in Abaqus. 

A. Experimental Setup  

The complete experimental setup has been shown in Fig. 1, 
which includes the testing machine and an IR thermography 
camera. Three strain gauges have been attached to the coupon 
specimen for the validation of the camera. Using data 
acquisition system, data from the camera and strain gauges were 
transferred directly to the computers by using the real-time 
image transfer and LabVIEW respectively. 

 

 

Fig. 1 Experimental configuration 
 

B. Testing Specimen 

The compact coupon specimens were prepared by using a 

material grade of SM400A according to the specifications of 
JIS G3106 standard. Fig. 2 shows the dimensions and geometry 
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of the tested specimens with overall length of 600 mm and 
gauge width of 40 mm. Several coupon specimens of the same 
geometry and chemical composition were employed in this 
study to make a better understanding for different purposes like 
repeatability analysis, disturbance effect due to temperature and 
light imperfections. 

C. IR Thermography Camera 

The thermograms were recorded with the help of “Thermo 
FLEX F50”, a handy type of IR thermography camera 
introducing a concept of “Freestyle” in which the mechanism 
for attaching/detaching and rotating the camera head was 
equipped. By detaching the camera head, temperature can be 
measured very comfortably in any direction even from narrow 
places. In the standard mode of measurement, the temperature 
can be recorded and stored on an SD card. However, for the 
online mode, real-time image transfer with a frame rate of 7.5 
Hz can be measured and transferred to the attached computer. 
While taking images, the camera was placed at about 30 cm 
distance from the surface of the specimen. Ambient temperature 
and relative humidity of the testing room were measured at the 
start of the tensile test for each specimen and these values were 
provided to the input of the thermography camera. The camera 
is also accessed with an automatic emissivity correction factor. 
As the original surface of the specimen had a very low 
emissivity due to this, it can act as a mirror and can cause 
problems in the testing procedure. The most common and 
feasible technique is to cover the surface of the inspected 
specimen by using a flat paint of high emissivity of around 0.90 
[16], [17]. For the current research, to avoid the difficulties due 
to emissivity, a thin layer of black paint having an emissivity of 
0.94 was sprayed at the gauge length of the specimen. 

 

 

Fig. 2 Dimensions and geometry of the tested specimen 

D. Experimental Data Analysis 

To validate the results obtained from the thermography 
technique, three post-yield strain gauges were placed at the 
gauge length of the specimen. The conventional method of 
plotting the stress-strain curve and detecting the yield point by 
taking the assumed value of 0.2% plastic strain was used. The 
yield point was detected by thermographic technique using the 
basic concept of thermoelastic effect. The thermoelastic effect 
reflects the relation between four quantities that are, 
temperature, entropy, stress, and strain. The temperature change 
due to tensile loading in the elastic region can be expressed by 
(1) developed by Lord Kelvin [18]. In this relation, α represents 
the linear thermal expansion coefficient, T is the initial absolute 
temperature, c  shows the heat capacity per unit volume at 

constant stress and ∆𝜎  represents the change of stress. For 
quantities (∆𝑇, ∆𝜎 ) involved in (1), the subscript “s” is the 
entropy generally known as the degree of randomness in the 
system [19]. 

 

∆𝑇   𝛼 
∆

    (1) 

 
During deformation, a fraction of mechanical energy 

consumed in plastic deformation is dissipated in the form of 
heat, approaching to a state when the temperature of the strained 
specimen starts to rise. The macroscopic plastic deformation 
within the specimen becomes dominant at this stage. It is 
interesting to note that, a material with positive α value such as 
steel, tested under tensile loading, initially exhibits a decrease 
in temperature, reaches a minimum value, and finally the 
temperature of the specimen will increase exponentially [20]. 
In the present research, the yield point has been determined by 
using this whole concept of thermomechanical coupling as the 
minimum value of temperature will correspond to the yield 
point. 

E. Numerical Analysis 

To check the authenticity of the data obtained from 
experiments, a fully coupled temperature displacement analysis 
was performed using Abaqus/Standard. Usually, this analysis is 
performed when the thermal (temperature distribution) and 
mechanical (displacement or stress) solutions depend strongly 
on each other and need to be analyzed simultaneously [21]. For 
precise analysis, the value of maximum allowable temperature 
change at each increment (∆𝜃 ) was set to be as 0.5 °C. For 
the sake of meticulous analysis, the analytical model was 
divided into several parts so that proper mesh size can be given 
to each part according to the required level. To explain the 
meshing details in a better manner, a 2D analytical model with 
the labeling of different parts and zoomed view of meshing has 
been shown in Fig. 3. 

 

 

Fig. 3 Meshing details with the help of a 2D analytical model 

III. RESULTS AND DISCUSSION 

A. Disturbance Effect 

By examining the thermograms obtained through the 

World Academy of Science, Engineering and Technology
International Journal of Civil and Environmental Engineering

 Vol:17, No:2, 2023 

117International Scholarly and Scientific Research & Innovation 17(2) 2023 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 C
iv

il 
an

d 
E

nv
ir

on
m

en
ta

l E
ng

in
ee

ri
ng

 V
ol

:1
7,

 N
o:

2,
 2

02
3 

pu
bl

ic
at

io
ns

.w
as

et
.o

rg
/1

00
12

96
7.

pd
f



thermography camera, it was found that the temperature 
profiles of different points showed data scattering. To verify the 
disturbance effect due to machine operation, temperature 
imperfections and visible light source, several tests were 
conducted during the daytime and midnight. All the tests were 
performed using Thermo FLEX F50 series thermography 
camera with a frame rate of 7 photos per second. The 
thermograms were recorded on a PC by setting real-time image 
transfer mode on the camera. These images were then analyzed 
using the recording mode of InfReC Analyzer NS9500 
Professional for F50 [22]. 

For testing in the daytime, two specimens of the same 
dimensions named specimen 1 represented by S1 and specimen 
2 characterized by S2, were tested by applying the 
displacement-controlled loading to check the scattering of data 
obtained by the thermography technique. An extension of 11 
mm was applied to the specimens within 100 seconds by 
maintaining a loading rate of 5 10  mm/sec. The ambient 
temperature recorded for the specimens S1 and S2 at the time 
of loading was 19.1 °C and 19.6 °C with a relative humidity of 
71% and 73% respectively. These tests were performed in the 
early evening for the time zone between 16:00-18:00 with the 
presence of visible light in the testing room. Another specimen 
named specimen 3 denoted by S3 having the same dimensions 
and loading rate as S1 and S2 were tested at midnight (around 
02:00) because at that time almost constant atmospheric 
conditions prevails as compared to the daytime. The ambient 
temperature and relative humidity before applying the tensile 
loading to S3 were measured which comes out to be 21 °C and 
64% respectively. For real-time image transfer, it was required 
to set the target point on the specimen before start of the test. 
Fig. 4 shows the position of target points for S1, S2 and S3. To 
make the homogeneity for comparison purpose, efforts were 
made to focus the similar point for all cases.  

 

 

Fig. 4 Location of target points for S1, S2, and S3 
 

To check the disturbance effect due to the presence of visible 
light source, all the lights in the testing room were turned off 
during the entire testing activity. To check the disturbance due 
to the machine operation, photos were recorded 20 seconds 
before start of the test. All these images recorded under 
different conditions were analyzed and the temperature profiles 
have been shown in Fig. 5. It can be seen that the data are 

showing a similar distribution tested under different conditions.  
 

 

Fig. 5 Temperature profiles for different conditions 
 
The quantitative estimation of disturbance effect was 

measured in terms of SNR. For image processing, SNR is the 
ratio of signal mean value (μ) to standard deviation (σ) of signal 
as represented in (2) [23]: 

 

𝑆𝑁𝑅  𝜇
𝜎    (2) 

 
Table I shows the results of SNR based on environmental 

conditions, the time of testing, and the movement of machine. 
As the value of SNR for all the specimens is almost the same so 
it can be concluded that the IR thermography camera’s 
performance is independent of testing time and the presence of 
a visible light source. Moreover, the SNR values calculated for 
first 20 seconds and for entire test shows similar results 
depicting that machine operation has no effect on the 
performance of thermographic camera.  

 
TABLE I  

SNR VALUES UNDER DIFFERENT CONDITIONS 

Testing conditions Unit 
Specimen 1 

(S1) 
Specimen 2 

(S2) 
Specimen 3 

(S3)
Time (hh:mm) 16:40 17:30 02:00 

Ambient 
temperature

(°C) 19.1 19.6 21.0 

Relative humidity (%) 71 73 64 

Visible light - Present Present Nil 

SNR (20 seconds) dB 46.49 46.82 45.92 

SNR (entire test) dB 45.98 45.21 45.03 

B. Data Denoising 

The temperature profile obtained through the thermography 
camera was denoised by using the application of wavelet signal 
denoiser in MATLAB by setting the denoising method and 
threshold rule as Bayes and Soft, respectively. Level dependent 
technique was chosen for the noise estimation. Different 
wavelet types with their respected noise reduction number can 
be selected to denoise the data, however, an appropriate value 
for all the factors was selected to denoise the temperature 
profile data so that the data cannot lose its originality and trend. 

As the testing conditions were not same for different 
specimens, therefore, to get a better understanding of changes 
in temperature with respect to time, the data were initialized. 
Fig. 6 shows the denoised and initialized temperature profiles 
for all the above-mentioned specimens. The changes observed 
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in temperature profiles between 30 seconds and 40 seconds can 
be attributed to the denoising of data.  

 

 

Fig. 6 Representation of denoised and initialized temperature profiles 
for S1, S2, and S3 

C. Yield Point Recognition 

By using the thermography technique, yield point of any 
single point can be determined easily in contrast to the stress-
strain curve data which only show the global yield point. In the 
elastic region, the temperature of the specimen decreases quasi-
linearly with the increase of elastic deformation. The minimum 
value of temperature shows the end of elastic behavior at some 
local points of the specimen. These points exhibit the localized 
yielding initiation resulting from the localized stress 
concentration. For stress concentrations further than the 
yielding point, heating occurs and temperature start increasing 
at those localized points. With the increase of tensile loading, 
more and more points start yielding ultimately resulting in the 
global yielding.  

To explore the above-mentioned phenomena, a coupon 
specimen was tested and the thermograms have been shown in 
Fig. 7. It can be seen that at the start of the test, the color of the 
specimen is lighter showing the ambient temperature expressed 
in Fig. 7 (a). With the increase in tensile loading, the specimen 

color becomes darker showing the drop in temperature just 
before yielding as shown in Fig. 7 (b). Finally, the thermogram 
represented in Fig. 7 (c) represents the localized yielding 
initiation of the specimen in which the color shows a higher 
value of temperature highlighted with circles.  

 

 

Fig. 7 Thermoelastic effect definition by thermograms captured by IR 
thermography camera 

 

 

Fig. 8 Temperature slope representing the yield point

 

 

Fig. 9 Heat generation mechanism due to the applied loading 
 

The phenomenon in which elastic deformation of an object 
in adiabatic conditions is always be associated with the 
temperature change is called the thermoelastic effect first 
explored by W. Thomas (Lord Kelvin) [18]. The temperature 

inversion point, at which the temperature slope changes from 
negative to positive, indicates the transition from thermoelastic 
to plastic behavior, the yield point. In Fig. 8, approximately at 
7.6 seconds the temperature slope represents the yield point. In 
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order to clearly indicate the yield point on the curve, only 1/5th 
of the data set has been shown in Fig. 8. Fig. 9 shows the heat 
generation mechanism within the specimen due to the applied 
loading with respect to time (t) in seconds. When load starts 
increasing, the generation of heat begins due to the localized 
yielding at the notched parts of the specimen and spreads over 
larger area with the passage of time. The prime purpose of this 
study is to focus the yielding initiation point (represented by a 
black circle in the thermogram at t equals to 0 seconds). This is 
important because in structural steel members when the 
yielding occurs locally, the plastic strain changes the fracture 
toughness and even the yield point itself and hence changes the 
material properties. Local yield point or the point where 
yielding initiates within a member is very important as the local 
cyclic loading causes the fatigue cracking and sometimes the 
brittle fracture. 

D. Validation of Thermography Technique 

For validation purpose, the temperature profile was 
compared with the stress-strain curve as well as the analytical 
results obtained from Abaqus. In order to overcome the effect 
of initial imperfections for the analytical results, pre-strained 
specimen was used for testing. Another purpose of pre-straining 
was to illustrate the behavior for cyclic loading. During the pre-

straining of specimen, an extension of 11 mm was applied for 
100 seconds, then the specimen was unloaded to 0 kN and after 
that, again loaded for 11 mm displacement within 100 seconds.  

 

 

Fig. 10 Target point for the formation of the stress-strain curve and 
corresponding temperature profile 

 

 

Fig. 11 Stress-strain curve vs. temperature-time profile 
 

1. Stress-Strain Curve vs. Temperature Profile 

The target point for the formation of the stress-strain curve 
and temperature profile is the point where the bottom strain 
gauge was glued to the specimen as depicted in Fig. 10. The 

stress-strain curve obtained from the loading/unloading data is 
plotted against the temperature profile which is the evolution of 
heat w.r.t time as represented in Fig. 11. The thermograms on 
this graph show the distribution of temperature at different time 
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intervals. The important thermogram is at t = 10 sec because it 
shows the decrease in temperature as compared to the frame at 
the t = 0 showing the position of yield point. This decrease in 
temperature clearly can be seen through the temperature dip 
appeared in the temperature profile. The yield point shown 
through stress-strain curve is found to be exactly same as 
indicated by the temperature dip.   

The results of yield point detection in the pre-strained 
specimen revealed that for structural steels the IR thermography 
method can be utilized for the cycling loading experiments. 
Also, for a pre-strained specimen in which the stress-strain 
curve does not provide with a clear yield point, a vivid yield 
point can be determined by temperature dip from the 
thermography camera. As the same phenomena occurs during 
the testing of high strength steel, the result from pre-strained 
specimen shows the feasibility of extension of the 
thermography technique for high strength steel too. 

2. Experimental vs. Analytical Results 

The experimental temperature profile was compared with the 
analytical results at the target point within the specimen as 
represented in Fig. 12. The comparison between the results 
from numerical simulation and the experimental temperature 
profile is illustrated in Fig. 13. It is remarkable to note that, for 
numerical simulation, no temperature inversion will take place 
because it happens due to the adiabatic environment in the 
testing procedure. However, during analysis, the yield point can 
be identified by the increase in temperature. Before yielding, 

the temperature increase will be zero; but with the initiation of 
localized yielding, the temperature increment can be seen due 
to the plastic deformation. The stress profile (nominal stress 
with respect to time) is also drawn with the experimental and 
analytical temperature profiles, showing delay in yield point as 
it provides globalized yielding. The temperature distributions 
from coupled thermal displacement analysis and the IR 
thermography camera are almost the same hence, showing a 
good correlation between numerical analysis and 
experimentation by implementing the thermography technique.  

 

 

Fig. 12 Target point for numerical simulation for comparison with the 
experimental results 

 

 

Fig. 13 Comparison of experimental and analytical temperature profiles 
 

It can be unveiled from Fig. 13 that the stress profile which 
was obtained by the applied load from the loading machine, the 

initial yielding point cannot be judged at a particular position. 
In other words, the load profile (load curve with respect to time) 

World Academy of Science, Engineering and Technology
International Journal of Civil and Environmental Engineering

 Vol:17, No:2, 2023 

121International Scholarly and Scientific Research & Innovation 17(2) 2023 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 C
iv

il 
an

d 
E

nv
ir

on
m

en
ta

l E
ng

in
ee

ri
ng

 V
ol

:1
7,

 N
o:

2,
 2

02
3 

pu
bl

ic
at

io
ns

.w
as

et
.o

rg
/1

00
12

96
7.

pd
f



is unable to provide the identification of local yield point 
whereas the IR thermography technique can detect the yield 
point locally at any position within a specimen and also the 
point where the yielding initiates.  

IV. CONCLUSION 

Identification of localized yield point is very important as the 
local cyclic loading causes the fatigue cracking and sometimes 
the brittle fracture. By using the thermography technique, yield 
point determination of every single point can be performed 
easily which is difficult by using the stress-strain curve data 
because it provides the global yield point in tensile testing. 
Detection of yield point initiation by using the IR 
thermographic technique is showing good correlation with the 
conventional method as well as with the numerical analysis 
which proves that the infrared thermography technique can be 
used for the precise recognition of yield point in structural steel 
specimens. This accurate temperature-based detection 
technique can be extended to real complex shaped structural 
steel members. In case of complicated geometry members, by 
using strain gauge method lots of effort will be required for 
testing with relatively more chances of mistake. Those 
problems can be overcome by employing the IR thermography 
technique. 
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