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SUMMARY 

 
 

The proposed method for assessing the stress state of metal structures is more convenient than the strain 
gauge method. In this way, it is possible to measure stresses in loaded elements when it is impossible 
to find an unloaded reference sample of the product 
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Introduction 

 

It is known that when strengthening the elements of metal structures, preliminary calculations are made, 
and the dimensions of the cross-sectional elements are set, which will later be used to strengthen the 
elements of metal structures. No matter how precisely the strengthening of elements of metal structures 
is designed, they must be checked by any experimental method. In connection with the market economy, 
it is necessary to ensure reinforcement at the right time and in the right places, for planning the 
prevention of possible accidents and disasters, as well as for the economy of public funds. 
 
The most reliable information about the effectiveness of the measures taken to strengthen the elements 
of metal structures of hydraulic structures is the amount of stress in the reinforced elements of the 
structures. Measurement of voltage in elements of reinforcement of metal structures may reveal, in 
some cases, admitted imperfections at the stage of design and manufacture, as well as during operation. 
Stress measurements in elements of metal structures are carried out by more destructive methods 
(Åström et al., 2006; Johnson et al., 2005; Zurawski, 2007), which provide reliable information about 
the stressed state of elements of metal structures. At the same time, the study uses non-destructive 
methods, including electromagnetic methods of pressure measurement (Babich et al., 2017; 
Korobiichuk et al., 2020a; Shevchenko et al., 2019). 
 
Methods and techniques 

 

Voltage measurement by the electromagnetic method when reinforcing metal structures 1 can be carried 
out with a known transducer (Figure 1), consisting of a U-shaped steel core 2, which has magnetizing 
3 and measuring 4 windings, using the measuring system shown in Figure 1 and other known 
electromagnetic converters Korobiichuk et al., 2020b; Uikzer, 2002). Thus, a necessary condition is an 
experimental verification of the reliability of the results of mathematical modeling and the operability 
of the proposed structure of the semiconductor strain transducer, which was carried out at a constant 
temperature according to the scheme presented in Figure 1. 
 
When evaluating the effectiveness of strengthening elements of metal structures by the electromagnetic 
method, the following assumptions are accepted: 
- changes in the magnetic properties of elements of reinforcement of metal structures during tech-

nological operations related to reinforcement are insignificant or can be neglected; 
- changes in the stress state remain a small amount of material that is released from the structural 

element to establish a calibration relationship between the voltage and the change in magnetic 
properties, the material of the structure is not significant; 

- the magnetic-elastic properties of the material reinforcing metal structures are constantly pre-
served. 
 

 
Figure 1 Layout for the experiment: 1 - strain transducer; 2 - the source of direct current; 3 - 

microammeter; 4 - adjustable power source; 5 - cantilever beam 

 
Results and Discussion 

 

Taking into account the fact that for research, the samples of the strain transducer were fixed on a 
cantilever beam of constant cross-section, made of dielectric material. One end of the beam was rigidly 
fixed, and a load was applied to the free end of the beam, which determines the deformation of the strain 
transducer. The long side of the samples was oriented along the axis of the beam. 
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It should be noted that the amount of mechanical stress that occurs during deformation at the place of 
installation of the strain transducer was determined by the expression known from experimental 
mechanics (Kuzmych L et al., 2017; 2018): 
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where a is the distance from the center of the sample to the free end of the beam; h – beam thickness; b 
– beam length; l – the amount of bending in the vertical direction; C1 - modulus of elasticity of the 
beam material. 
 
Considering the fact that the experimental studies carried out at different voltages at the output of the 
semiconductor strain gauge and on the control, electrode confirmed the adequacy of the mathematical 
model and the effectiveness of the created methodology for the development of semiconductor strain 
gauges. As a result of the conducted error analysis, the dominant factors that have the main influence 
on the error of the output signal of the strain transducer were found. The calculated measurement error 
of the strain transducer manufactured using modern integration technologies is no more than 0.5% (Li, 
2011; Rokochinskiy et al., 2020; Rus et al., 2006; Uikzer, 2002). 
 
In addition, several design variants of integral semiconductor strain gauges have been developed.  
 
One of the options is the separation of cells applied to a flexible base. Each cell is a semiconductor 
strain-sensitive element. Interconnections are made in the film version. This design solution allows you 
to determine deformations in details and structures of complex geometric shapes with an uneven 
surface. 
 
The second variant of the integral strain transducer is a silicon membrane, on the surface of which four 
semiconductor strain transducers are formed, united in a bridge circuit by metallization. The silicon 
membrane is mounted on a dielectric substrate and placed in a metal housing. The use of controlled 
elements as part of the strain transducer allows to simplify the adjustment procedure and increases the 
reliability and accuracy of the balancing of the strain circuit. It should be noted that the location of the 
semiconductor strain transducers on the silicon membrane can be changed depending on the required 
sensitivity, accuracy, and working range of the measured values. 
 
Information analysis of currently used strain transducers was conducted, which confirmed the relevance 
of the development of elements based on new semiconductor materials and structures that allow 
improving the metrological characteristics of existing material systems (Klassen, 2000; O’Dwyer, 
2009). The effect of deformation on the main parameters of structures made on different semiconductors 
was studied and the possibilities of their use as a strain transducer were revealed. Based on the research 
results of the mathematical model, a methodology for the development of semiconductor strain gauges 
was created, which allows for predicting metrological characteristics at the design stage.  
 
Thus, according to the obtained results, it is necessary to develop a semiconductor strain transducer 
containing a dielectric layer of silicon dioxide on the surface of an n-type conductivity silicon single 
crystal, as well as an insulated electrode, which allows for increasing the sensitivity and accuracy of 
determining the parameters of materials and products. 
 
Therefore, the use of controlled strain-sensitive elements as part of strain transducers allows to simplify 
the adjustment procedure, increases the reliability and accuracy of balancing the strain circuit. 
 
Taring beams loaded with weights were used for the tare test. U-shaped magnetic conductors with 
magnetizing and measuring windings are used as converters. The length of the magnetic conductor is 
25 mm, the width is 5 mm. The results of the tare test are shown in Figure 2. 
 
Experimental studies were carried out on tare beams after strengthening. Steel sheets cut to the size of 
the calibration beam with a thickness of 2 mm were used to strengthen the beams. The results of pressure 
measurement are shown in Figure 3. 
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Figure 2 Tare curve for determining stresses in elements of metal structures: the abscissa axis is 

voltage, mPa; the ordinate axis is the relative change in the area of the magnetic properties 

 

 
Figure 3 Determination of stresses in elements of metal structures according to the tare curve 

 
To determine the stresses, a circular diagram was first taken on an unloaded sample, after strengthening 
the tare beam and after loading it, a circular diagram was taken using a magnet wire and a measuring 
system. The volt-ampere characteristic of the first tare test and the test after loading remained 
unchanged. By comparing the areas of the circular diagrams of changes in the magnetic characteristics 
of the tested element, the value of the relative change in areas was established, which was equal to ΔS 
/ S n = 0.185. Along the tare curve, we draw a horizontal line parallel to the abscissa axis to the 
intersection with the tare curve, and then lower the perpendicular to the abscissa axis.  
 

Conclusions 

 

The results of the experiment showed that the stress in the reinforced beam was equal to 40.75 mPa. 
The theoretical stress value was equal to 41.8 mPa. The absolute error is 1.05 mPa, and the relative 
error is 2.51%. Thus, the obtained stress value in reinforced elements of metal structures shows the high 
accuracy of the measuring system. The deviation is explained by the error of both the measurement 
system and the calculation processes. 
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