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ABSTRACT

In the engineering approach, the calculation of stress-strain values is crucial for determining 
the mechanical properties of materials. It is known that stress values could be calculated using 
the cross-section area, the moment of inertia of the material, and even strain values. However, 
the experimental determination of strain values is somewhat more complicated. In strain cal-
culation, a video- extensometer and strain gauge are generally utilized. The goal of this study 
is to determine the strain values of the steel material in the linear region with experimental, 
theoretical and numerical approaches and to examine the suitability of the use of strain gauges 
for bending, torsion and tensile tests. Three sets (Tension, Torsion and Bending) were pre-
pared in the experimental approach, and strain values were obtained for each experimental 
set-up. Furthermore, geometric models similar to experimental design were applied to ANSYS 
finite element program in numerical analyses. Additionally, the strain values were determined 
theoretically using the full bridge approach in Wheatstone Bridge Theorem. It is thought that 
assessing the use of the Wheatstone bridge, examining, and comparing the theoretical ap-
proaches of different loadings, modelling the appropriate experimental methods in the finite 
element program, and getting results, and finally interpreting these results, make a valuable 
contribution to the literature. The strain values were compared. Accordingly, the mean error 
values between theoretical and numerical for tensile, bending and torsion tests are 5.17%, 
4.23% and 6.26%, respectively. The mean error values between the theoretical-experimental 
results of the same tests were 7.08%, 3.48% and 4.89%, respectively. Consequently, it was seen 
that experimental, numerical, and theoretical approaches gave more convergence points for 
each test.
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INTRODUCTION

Nowadays, several materials are used in many engi-
neering practices, such as aircraft wings, turbine design, 

bridges and supports, and load-bearing machine elements. 
Materials used in engineering designs must be both dura-
ble and safe. Therefore, the mechanical properties of the 
material should be known to ensure that the material is 
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under durable and safe conditions. In determining the 
mechanical properties of materials, the usage of strain 
gauge takes a crucial place in literature. Non-symmetric 
bending deformation of Lead Zirconate Titanate (PZT) 
was examined using strain gauges. Theo et al. [1] stated 
that non-symmetric bending deformation means where 
the tensile strain exceed the compressive strains for a 
given stress level. They concluded that this phenomenon 
affects the mechanical behavior of PZT ceramic material. 
Talesnick et al. [2] stated that the applying torsional stress 
to hollow cylinder specimens utilizes the determination 
of shear modulus. In their strain calculation, the strain 
gauges are connected to half Wheatstone bridge config-
uration, and the shear strain was determined this way. 
Torsion tests were carried out on thin-walled tubes. In their 
experimental approach, four strain gauges were located on 
thin-walled tubes. The strain gauges measured the princi-
pal strains with an orientation of ±45° to the tube lengths. 
PZT ceramic material was chosen as a structural material. 
In addition, tensile and compression tests were applied in 
their experimental study. Theo et al. [3] concluded that 
all experimental results indicated the good agreement 
with the Drucker–Prager criterion. Daniel et al. [4] pre-
sented a new method for differentiating the temperature 
and stress effect on the resistive strain gauges made from 
different materials (Platinum and Titanium). Their pro-
posed new model declared that exact determination of 
the gauge factors and thermal coefficients was required 
for strain calculations. Using strain gauges, the tensile and 
torsional strain was determined for the Fe48Co32P14B6 
metallic glass [5]. Muhammet et al. [6] determined appro-
priate residual stress values in rails using strain gauges. 
They stated that residual stress is directly influenced the 
performance of rails. The studies related to the investiga-
tion of using strain gauges under different experimental 
conditions could be examined in the literature [7–9].

The strain gauge is used in different mechanical pro-
cesses besides the determination of the mechanical 
behaviour of the material. Zhou et al. [10] have optimized 
the appropriate strain gauge placement on the structural 
material to improve the structures’ performance. Fabio et 
al. [11] emphasized that experimental determination of 
local bone deformations due to bone implant is essential in 
determining the biomechanical behaviour of the bone-im-
plant-prosthesis system. The thermal and magnetic cor-
relation was created on the strain gauge [12]. Those strain 
gauges are potentially suitable for testing superconducting 
magnets [13]. 

By examining the relationship between deflection, shear 
force, bending and torsional moments of steel-concrete 
composite box girder sections for bending, shear and tor-
sion tests for negative and positive bending, Alejandro et al. 
[14] found that the girder sections had a significant excess 
resistance concerning the shear capacity. For estimating 
mechanical load on circular shafts, measurements were 
made by placing strain gauges in different configurations 

and the optimum strain gauge position on the shaft was 
determined [15]. E. Zeinali et al. [16] investigated the tor-
sional and lateral buckling behaviour of the beam with 
finite elements and by conducting experiments with strain 
gauges attached to fiber-reinforced polymer rods produced 
by the pultrusion process (PFRP) under bending stress. 
Experimental and numerical modelling of cold-formed 
C and Z-section steel beams under bending and torsional 
stress was compared with the predictions from the current 
design equation [17]. An experimental study on the qua-
si-static mechanical behaviour of filament-wound com-
posite thin-walled pipes (FWC) under tensile, torsion, and 
multiaxial loading showed that the FWC pipe was gradually 
damaged in a nonlinearly until it broke under tensile load 
[18]. Instead of directly searching for defects in adhesively 
bonded single lap joints, M. Z. Sadeghi [19] used strain 
gauges to monitor the integrity of adhesive joints in real 
time.

Other studies related to different mechanical processes 
take place in the existing literature [20–26].

There are also studies involving determining of strain 
values using the Wheatstone Bridge Theorem. In design-
ing a new combinatorial molecular device, Lafy F. Al-Badry 
[27] modelled it with a Wheatstone bridge consisting of four 
single benzene molecules and a molecular wire connected 
to two electrodes connecting the upper arm with the lower 
arm. Xin Tan et al. [28] designed and produced AlGaN/
GaN pressure sensors with a Wheatstone bridge structure. 
W. C. Ang et al. [29] investigated the design of a Wheatstone 
bridge with a titanium nitride metal thin film structure as 
infrared (IR) sensing material and simulation to predict 
the performances of a resistive uncooled microbolometer. 
Teodor et al. [30] determined the displacement sensitivity 
of piezoresistive Wheatstone bridge cantilevers based on the 
measurement of force constant and resonance frequency for 
beams of various geometries by applying a scanning probe 
microscope. For permeability through thin-film composite 
(TFC) membranes, the Wheatstone bridge resistive analog 
model proposed by Karode et al. [31] was validated with 
experimental gas permeability data. Dariusz Rozumek et al. 
[32] conducted tests under pure bending and pure torsion 
and cyclic proportional, non-proportional, and random 
bending with torsion with the MZGS-200PL fatigue control 
system test stand. They analyzed the electrical signals from 
the existing electronic control system of the MZGS-200PL 
fatigue machine and the Wheatstone bridges with a strain 
gauge under random loading. A. Svete et al. [33] have ver-
ified the solutions of the physical-mathematical model of 
a potential linear flowmeter for direct mass flow measure-
ments with the hydraulic Wheatstone measuring bridge 
with the the experimental analysis results.

As shown above, research on the determining strain val-
ues using the Wheatstone bridge theorem mainly focuses 
on mass flow measurements in pressure sensors and thin-
film composite membranes. There are few studies on 
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determining deformation in structural steel under different 
loading conditions using a Wheatstone bridge theorem.

In this study, the tests for tension, torsion and bend-
ing have been performed to investigate using strain gauges 
under the different mechanical loads. Experimental, the-
oretical and numerical approaches were used within the 
study. Geometric models similar to the experimental 
design were applied to ANSYS finite element program in 
numerical analyses. Additionally, the strain values were 
determined theoretically using the full bridge approach in 
the Wheatstone Bridge Theorem.

Theoretical Approach 
In this study, the strain values were determined using 

the Wheatstone Bridge Theorem (WBT). In WBT, strain 
measurement was done by resistance changes on the strain 
gauges. Four identical resistances (R1,R2,R3,R4) take place 
on the Wheatstone bridge and these resistances are con-
nected end to end in a diamond shape. In addition, voltage 
calculations have made on identical resistances. An input 

voltage (Vi) and output voltage (V0) connects across oppo-
site connection over the Wheatstone bridge. The demon-
stration of the Wheatstone bridge is given in Figure 1 [34]. 

In theoretical approach, the strain gauges and their con-
nections should be defined before explaining strain calcu-
lation using the Wheatstone bridge.

STRAIN GAUGE

The basic definition of the strain gauge is to measure 
strains using electrical sensors. In strain calculation, the 
electrical resistance changes by a small amount when exter-
nal forces stretches or compress them [34]. This situation 
provides to determine the strain value. The position of 
resistance wires on the strain gauge is varied according to 
the loading conditions. In tension, compression and bend-
ing tests, the resistance wires are located on strain gauges 
with 90 degrees to measure the strain however, in the tor-
sion test, the resistance wires are located on strain gauges 
with 45 degrees. The strain gauges used in both tension and 
torsion test are given in Figure 2.

In this study, the strain values were determined using the 
full bridge connection in the Wheatstone Bridge Theorem.

FULL BRIDGE CONNECTION IN WHEATSTONE 
BRIDGE THEOREM

In a full bridge connection, strain calculation is done 
over the four strain gauges located on the bridge. In addi-
tion, tensile stress, bending and as well as shear stresses can 
be calculated by using full bridge connection. The main 
goal of selecting the full bridge connection is to provide 
much more voltage output and sensitivity rather than other 
bridge connections (half bridge and Quarter Bridge). Full 
bridge strain connections are illustrated in Figure 3. 

The calculation of strain values across the full bridge is 
done according to the standard equation [35]; 

Figure 2. Strain gauges ( (A) In tension, compression, bending test, (B) Torsion test) [34].

Figure 1. Wheatstone bridge [34].
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  (1)

where, ε is the strain, V0 is the voltage measured across 
the bridge, GF is the gauge factor, Vi is the fixed input volt-
age and N is the number of active gauges connected. 

Determination of Stress Values
In this study, three different stress values were observed. 

These are bending stress, shear stress and normal stress. 
When the perpendicular force is applied to the cross-sec-
tion area of a material, normal stress occurs. The normal 
stress is shown as below;

  (2)

where, σ is the normal stress, F is the force and A is the 
cross-sectional area. The normal stress is also referred to as 
tensile or compressive stress depending on the direction of 
the force.

The bending stress is the normal stress that occurs when 
an object is subjected to a load which causes it to bend. The 
formulation of the bending stress is given below;

  (3)

where, σB is the bending stress, M is the bending 
moment, y is the vertical distance from the neutral axis and 
l is the moment of inertia. 

The shear stress occurs when the twisting moment is 
applied to the end of the shaft. This shear stress is deter-
mined through the formulation;

  (4)

where, τ is the shear stress, T is the torsion, J is the polar 
moment of inertia and c is the vertical distance from the 
neutral axis.

Experimental Approach
The strain gauge test system includes tensile, bending 

and torsion testing devices. In a strain gauge test system, 
it is possible to see how much strain is applied to different 
parts under different mechanical stresses. The digital strain 
displayer could automatically calculate how much voltage 
and strain are presented and shows the user as a micro-
strain. It should be stated here that all experiments were 
performed in the linear region. The strain gauge test system 
is depicted in Figure 4.

Three different experiments were carried out using a 
strain gauge test system. In the bending test, a rectangu-
lar section beam was used. The specimen beam was con-
strained at the one end using a secure clamp. The load 
was applied to the other end of the beam in the vertical 
direction (see figure 5). Four standard strain gauges are 
measured the tensile and compressive strain directly in 
line with the beam. Two gauges are measured the tensile 
strain on the top of the beam, and the other two gauges 
measure the compressive stress underneath the beam 
[34].

In a tension test, a clamp holds the top of the test spec-
imen. The weight hanger is located at the bottom of the 
specimen. Two strain gauges are placed on the specimen 
to measure the strain in two directions on each side of test 
specimen (see Figure 6). 

In the torsion test, the beam has constrained both ends. 
The one end of the beam is clamped (i.e frictionless sup-
port) and the another end is connected to a fixed support. 
A torque arm provides to twist the beam. Two special tor-
sion strain gauges measure the torsional shear strain on 
the surface on the beam at 45 degrees to the beam length. 
The experimental set up is shown in Figure 7. Strain gauges 
work best when positioned in the direction of the measured 
strain. The angle between the stress and strain in the bar 
in the torsion assembly and the longitude of the bar is 45°. 
Strain is measured using a special rosette consisting of two 
45° strain gauges.

Figure 3. Full bridge connection [34].
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Figure 5. Bending test system.

Figure 4. The strain gauge test system.
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Numerical Approach
Numerical analysis was performed using the ANSYS 

WORKBENCH finite element program. Analyzes were 
performed in the static-structural analysis module, using 
solid elements. The numerical model of each tests is created 
by the experimental conditions. Then, tension, bending 
and torsion stresses and strains were calculated numer-
ically. In the numerical analysis, firstly, the geometries of 
the test samples used in each experiment were created in 
the design CAD program and transferred to the ANSYS 
finite element program. The boundary conditions used 

Figure 6. Tensile test system.

Figure 7. Torsion test system.

Table 1. Linear-elastic material properties for structural steel 

Material Elastic Modulus (GPa) Poisson ratio Yield Strength (MPa) Shear Modulus (GPa)
Structural Steel 207 0.32 250 79.6

Figure 8. Flowchart of static-structural analysis with AN-
SYS Workbench.
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experimental approach was applied to the test specimens 
in numerical analyses. A parametric study was also imple-
mented to optimize the number and size of the elements. 
Then, the final mesh for all numerical analyses was con-
sisted of 5000 elements and 12000 nodes approximately. 
In the numerical model, the linear-elastic behaviour of the 

material has been studied, evaluating the small deforma-
tion. The stiffness behaviour of the elements was arranged 
as flexible, and the analyzes were carried out in this way. 
For the modelling of linear-elastic behaviour, it should 
be entered input data given in Table 1. The data in Table 
1 are derived from the properties of the material (Young’s 

a)

b)

c)

Figure 9. Numerical analyses results ((a) Torsion Test, (b) Bending Test, (c) Tension Test).
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modulus, Poisson’s ratio, and shear modulus), the evalu-
ated stress, and the strain measured within the elastic range 
for the applied load. Stress and strain values of the tensile 
specimen and Young’s modulus of the material were found. 
The material’s shear modulus was obtained from shear 
stress and strain values. Poisson’s ratio was found from the 
relationship between shear modulus and Young’s modulus. 
Then, the data obtained from Table 1 were used in design 
formulas, and FEA for other loads and strains were found 
and compared with the measured values.

After the modelling section is completed, the solution is 
run. In the solution section, equivalent stress and strain val-
ues are obtained. The results of numerical analyses are dis-
cussed in the relevant sections to facilitate the monitoring 
of the article. The stages of static-structural analysis with 
ANSYS Workbench are shown in the flowchart in Figure 
8. The reproduction results for each test obtained from the 
original ANSYS plot are demonstrated in Figure 9. 

In the numerical analysis, the mesh has an average ele-
ment quality of 86%, an aspect ratio of 1.75%, and a skew-
ness ratio of 0.22 in terms of the adequateness of the mesh. 
In addition, the mesh structure was smoothed using the 
pinch method, with the tolerance value determined by the 
element size value for the suitability of the mesh structure. 
It should also be stated that the element type utilized in 
finite element analysis is hex dominant.

RESULTS AND DISCUSSION

The aim of this study is to investigate the strain behav-
ior of the steel material under tensile, torsion and bending 
loads. The strain behaviour was examined through experi-
mental, theoretical and numerical approaches. It is thought 
that evaluating each test approach separately will facilitate 

the understanding of the article. Firstly, the results of exper-
imental approaches for each test will be discussed. Secondly, 
the results of theoretical approach will be given. Thirdly, the 
results of numerical analyses will be discussed. Finally, the 
results of all approaches will be compared to each other. 

In bending tests, consecutive loads were applied to 
the rectangular cross-section beam. The dimensions of 
the beam (19.32 mm x 4.83 mm x 500 mm) were used in 
the experiment. The strain values were noted during the 
experiments using a digital strain displayer. The bending 
stresses were determined by the test device interface pro-
gram (VDAS). The stress and strain values of steel material 
under bending loads are given in Table 2.

After obtaining the experimental results, the theoreti-
cal approach was carried out. In the theoretical approach, 
the strain values were calculated using Equation 1, and 
the bending stresses were calculated using Equation 3. In 
strain calculation, the gauge factor and input voltage value 
were used 2.04 and 5.3 μV respectively. It should be stated 
here that the gauge factor varies slightly between 1.9-2.3 for 
metallic materials. 

The data used in the theoretical calculations are given 
in Table 3.

In addition, the moment of inertia of the beam is used 
as 1.8x10-10 m4 in stress calculation. Eventually, the numer-
ical analyses were carried out by accordance with the 
experimental and theoretical approaches. All results are 
demonstrated in Figure 10.

Table 2. Bending stress and strain values of steel material

Load (N) Stress (MPa) Strain (με)
0.98 5.29 26
1.96 10.58 51
2.94 15.87 77
3.92 21.16 102
4.91 26.45 128

Table 3. The data used in the theoretical calculations in bending

Load (N) Output voltage (μV) Bending Moment (Nm) Strain (με)
0.98 277 0.397 24
1.96 555 0.795 53
2.94 834 1.192 79
3.92 1112 1.589 100
4.91 1393 1.986 129

Figure 10. Stress-Strain values for bending.
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In torsion tests, consecutive loads were applied to the 
circular beam. The beam used in the torsion tests has a 
length of 486 mm and a diameter of 9.86 mm. In experi-
ments, the strain values were noted using a digital strain 
displayer. The torsion stresses were determined by VDAS. 
The stress and strain values of steel material under torsion 
loads were given in Table 4. 

In the theoretical approach, the strain values were cal-
culated using Equation 1 and the shear stresses were cal-
culated using Equation 4. In strain calculation, the gauge 
factor and input voltage value were used 2.04 and 10.62 μV 
respectively. The data used in the theoretical calculations 
are given in Table 5.

The polar moment of inertia of the beam is used as 
9.7x10-10 m4 in stress calculation. Finally, the numerical 

analyses were implemented, and stress-strain values were 
obtained. All results are shown in Figure 11.

In tension tests, consecutive loads were applied to the 
dog-bone specimen. The dimensions of dog-bone speci-
men are 10.06 mm x 2.02 mm x 77 mm. The cross-section 
area of the tensile specimen is 203x10-7m2. In experiments, 
the strain values were noted using a digital strain displayer, 
and the normal stresses were determined by VDAS. The 
stress and strain values of steel material under tension loads 
were given in Table 6. 

In the theoretical approach, the strain values were cal-
culated using Equation 1 and the normal stresses were cal-
culated using Equation 2. In strain calculation, the gauge 
factor and input voltage value were used 2.04 and 22.05 μV 
respectively. The data used in the theoretical calculations 
are given in Table 7.

Consequently, numerical analyses of the tension test 
was completed, and the results were compared. All results 
are given in Figure 12.

Table 7. The data used in the theoretical calculations in ten-
sion

Load (N) Output voltage (μV) Strain (με)
9.81 45 2
19.62 90 5
29.43 135 7
39.24 180 9
49.05 225 12
58.86 270 14
68.67 315 15
78.48 360 18
88.29 405 20
98.1 450 23

Table 6. Normal stress and strain values of steel material

Load (N) Stress (MPa) Strain (με)
9.81 0.48 2
19.62 0.97 4
29.43 1.45 6
39.24 1.93 8
49.05 2.42 11
58.86 2.90 13
68.67 3.38 15
78.48 3.87 17
88.29 4.35 20
98.1 4.83 22

Figure 11. Stress-Strain values for torsion.

Table 5. The data used in the theoretical calculations in tor-
sion

Load (N) Output voltage (μV) Torque (Nm) Strain (με)
1.227 65 0.183 7
2.4525 130 0.367 12
3.6725 195 0.552 19
4.9050 260 0.736 24

Table 4. Shear stress and strain values of steel material

Load (N) Stress (MPa) Strain (με)
1.227 0.945 6
2.4525 1.89 12
3.6725 2.835 18
4.9050 3.78 24
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When the results were evaluated, it was concluded that 
the use of strain gauges was appropriate for experimental, 
theoretical and numerical approaches to each tests.

CONCLUSION

In this study, tension, torsion and bending tests were 
performed in order to determine the strain values of the 
steel material. Besides the experimental tests, numerical 
and theoretical approaches were implemented to ensure 
the test results. The strain values were determined theoret-
ically using the full bridge approach in Wheatstone Bridge 
Theorem. Numerical analysis was implemented using 
ANSYS finite element program. This study is not intended 
to determine the strain changes occurring in the nonlin-
ear region in all approaches. Because the main goal of this 
study is to determine the suitability of using strain gauge for 
bending, torsion and tension experiments. From the results 
of the experimental tests with the test stand SM 1009 and 
the numerical analysis using the ANSYS finite element pro-
gram, we can draw the following conclusions:
1. A deformation on structural steel was found using a 

Wheatstone bridge, the study helps to find the proper-
ties of a new material and also to understand the mate-
rial deformation of complex configurations through 
finite element analysis, stress and strain distributions 
under different loading conditions (Torsion, tension 
and bending) can be determined.

2. It was compared to the strain values. As a result, for the 
tensile, bending, and torsion tests, the mean error val-
ues between theoretical and numerical are, respectively, 
5.17%, 4.23%, and 6.26%. The same tests had mean 
error values of 7.08%, 3.48%, and 4.89% between the 
theoretical and experimental findings, respectively.

3. At the end of the studies, it was seen that the results 
obtained from all approaches indicated similar tenden-
cies with each other. Therefore, it can be interpreted 
that using the use of the strain gauge in bending, torsion 
and tensile tests is quite appropriate.

4. Determination of strain values using the Wheatstone 
Bridge Theorem takes in the limited study in the exist-
ing literature. Therefore, it is expected that this study 
can make a contribution to the existing literature.
The deformation and stress values for different load-

ings on the structural steel were determined by experimen-
tal, theoretical, and finite element approaches utilizing a 
Wheatstone bridge. It was observed that the results con-
verged with each other. However, the determination of the 
deformation and stress values of the steel material, which is 
widely used with Wheatstone bridge for different loading 
conditions, is thought to make an essential contribution to 
the literature since it has not been studied before.
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