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Abstract. Using industrial computed tomography (CT) in measuring dimensional parameters (such as diameter, 

distance) of manufactured parts becomes more and more popular due to its advantages such as being a non-

destructive method and possibility to complete complex shape measurements rapidly. However, the accuracy and 

precision of the measured values are required to be validated by quality control. The complicated structure of multi-

step processing contribute to measurement errors and uncertainties through various factors. Among them, 

temperature change during the operation of CT machine possesses a high potential influence. Two test geometries 

created in Catia V5 were modelled in Marc Mentat Finite Element software considering different materials (PMMA, 

Al, AlMgSi1) to study the deformation behavior against the change of temperature during the CT measurement 

process. The results of simulations provided an appropriate point of view about the effect of the temperature 

parameter to the measurement accuracy and uncertainties. 

 

Keywords: dimensional metrology, CT measurements, measurement error, measurement uncertainty, finite element 

modeling, temperature effects. 

 

Introduction  
In modern industry, dimensional metrology is essential for quality control. Until now, optical and tactile 

systems have been popular because of their accuracy and the certificated uncertainties. However, for the purpose of 

evaluation the internal structure of a part or an assembly, these systems face real challenges.  

In recent years, CT dimensional measurements have emerged as a solution to the difficulties of controlling 

the overall structure of the product [1]. Known as a non-destructive method, CT can map 2D, or 3D images of 

objects, which are directly processed by assistant software (such as VGS studio [2] to implement dimensional 

metrology’s requirements, in a short time. 

Notwithstanding, because of the complexity of CT systems and the measurement strategy, data traceability 

becomes extraordinarily difficult. Figure 1 introduces comprehensively factors influencing the performance of CT 

system in dimensional metrology [3,4]. 

Because there are variety of sources can contribute to measurement errors and uncertainties, research about 

them becomes essential and popular. About the impact of X-ray source, research about the effect of focal spot size, 

focus drift and tube power (including voltage, current) were implemented [5,6,7]. The influence of material, 

temperature and surface roughness of specimen were also investigated by several authors [8,9,10,11,12,13]. On the 

other hand, the detector contributes to measurement errors through main parameters such as detective quantum 

efficiency and image lag [5,14]. The step of image processing possibly affects to the accuracy of metrology 

measurement [15,17]. 

In 2015, an experiment implemented by H. Villarraga-Gomez [11,12], specimens with identical geometry but 

different material quality were measured by CT method, and studied the effect of external parameter influences for 

the accuracy of measurements. The temperature change at position of workpiece were also recorded. Features were 

measured at different stages of CT processing to determine the behavior of measurement uncertainties under the 

effect of temperature. 

In this paper, two specimens with different structures were modelled in simulated to evaluate how the 

distribution of measurement errors caused by changing of temperature will be. Furthermore, the results of 

simulations were compared with the work of H. Villarraga-Gomez to compare the compensation of temperature 

change used in [11,12].  



Material and Mechanical Engineering Technology, №4, 2023 

4 
 

 
 

Fig. 1. – Influencing factors on dimensional metrology by CT 

 

1. Materials and Methods 

 

1.1 Theoretical background 

 

Followed by the Guide to the Expression of Uncertainty in Measurement (GUM) (clause 3.2.4) [19] and with 

the assumption that the same application from ISO 15530 for tactile CMMs [20] was used for X-ray CT in 

measurement uncertainties estimation, the correct measurement result by CT system 𝑋𝑐𝑜𝑟𝑟  of n independent 

observations which has arithmetic mean �̅�𝐶𝑇  can be calculated as follows: 

 

 𝑋𝑐𝑜𝑟𝑟 = �̅�𝐶𝑇 – b ± 𝑈𝐶𝑇  (1)     

where b is the bias of systematic errors calculated by the �̅�𝐶𝑇  minus the true value (reference value) measured by a 

more accurate system than CT (CMMs). 𝑈𝐶𝑇  is equal to 𝑘 ∙ 𝑢𝐶𝑇 with k = 2 for confidence interval of 95% and 𝑢𝐶𝑇 is 

a quadratic sum of several basic contributions [18,20]: 

 

 
𝑢𝑐𝑡 ≈ √𝑢𝑟𝑒𝑓

2 + 𝑢𝑝
2 + 𝑢𝑤

2 + 𝑢𝑏
2 (2)  

 

where 𝑢𝑟𝑒𝑓 is the standard uncertainties of reference value or in certificated calibration procedure for the specimen. 

It is normally assumed that this value is negligible in comparison with other elements in (2). Parameter 𝑢𝑝is the 

uncertainty of repeatability and 𝑢𝑤 is the variation as a consequence of expansion due to temperature change or 

surface roughness. As a component of 𝑢𝑤, the uncertainties in the temperature change is considered as the largest 

influence. It was calculated by the Eq. (3) [11,12]: 

 𝑢𝑇 ≈ 𝛽𝐿|∆𝑇|/√3 (3)           

where 𝛽 is the expansion coefficient, L is the length of the measurand (in meter) and ∆𝑇 is the change of 

temperature projected to the reference temperature (20°C). Constant of √3 illustrates for the assumption of the 

rectangular error distribution for temperature. Finally, 𝑢𝑏 is the standard uncertainty caused by systematic errors of 

the calibration measurement procedure includes two main contributors: deviation between CT measurement and 

reference values and the uncertainty due to thermal expansion for the calibrated workpiece. Generally, if systematic 

errors are compensated, Eq. (2) will be used. However, in case of being not fully compensated, the formula was 

proposed in ISO/TS 15530-3:2009 [20] will be used: 

 

 
𝑢𝑐𝑡 ≈ √𝑢𝑟𝑒𝑓

2 + 𝑢𝑝
2 + 𝑢𝑤

2 + 𝑏2 (4)           
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1.2 Materials and models 

 

Two test geometries were defined for the analysis. The geometry of the first sample for this study was a 

rectangular block (referred hereafter as the ‘hole block’) with outer dimensions of 20 mm × 40 mm × 60 mm with a 

10 mm diameter hole passing through the center of the longest axis (Figure 2a). The used materials for this geometry 

were poly(methyl methacrylate) (PMMA) and aluminum.  

The second geometry was made of aluminum alloy (AlMgSi1). It has the shape of a cube with the size of 90 

mm × 90 mm × 90 mm. In this block, 14 holes were defined with a distributed layout as in the Figure 1b. The 

physical parameters of materials are listed in Table 1. 

 

 
Fig. 2. – Test geometries with finite element mesh the first geometry (a), the second geometry (b). 

Table 1. The parameters of materials 

Type of parameters PMMA Aluminum AlMgSi1 

Mass density 1.18×106 𝑘𝑔/𝑚3 2.7×106𝑘𝑔/𝑚3 2.7×106 𝑘𝑔/𝑚3 

Thermal conductivity 0.21 𝑊𝑚−1𝐾−1 237 𝑊𝑚−1𝐾−1 195 𝑊𝑚−1𝐾−1 

Specific heat 1466 𝐽𝑘𝑔−1𝐾−1 898.7 𝐽𝑘𝑔−1𝐾−1 900 𝐽𝑘𝑔−1𝐾−1 

Young modulus 2450 MPa 70 GPa 70 GPa 

Poisson ratio 0.375 0.33 0.33 

Thermal expansion 126 𝜇𝑚 𝑚−1℃−1 23.4 𝜇𝑚 𝑚−1℃−1 23.4 𝜇𝑚 𝑚−1℃−1 

 

2. Method 

Finite element method (FEM) was employed in Marc Mentat, which is a popular method for solving 

problems of engineering and mathematical models. In FEM, geometry is divided into a large system of small, 

simpler parts called elements, which is implemented by the construction of a mesh of object. The simple equations 

modelling the finite one will be assembled into a larger system of equations modelling entire problem. Marc Mentat 

is a popular software could use FEM to handle with complicated issues [21] 

There are several common parameters among simulations. Constraints for displacements are applied to 4 

points at corners of the bottom of workpieces. The distribution of temperature is assumed to be uniform over the 

whole solid part. The varied parameter in this simulation was the temperature, temperature data were used as in 

[11,12]. There were 5 regions: 

 Region 1: the warm up phase (X-ray was turned on) lasted 1-1.5 hour and temperature increased up to 22°C 

 Region 2: the X-ray was turned off in 4.5-5h. Temperature decreases to 21.4°C at the end of phase. 

 Region 3: X-ray was turned on to make measurement. The temperature raised to 22.15°C at the end of 

phase 3. This stage lasted 3 hours. 

 Region 4: CT maintain active whole the region in 8 hours. The temperature reached the highest value 

during operation (22.45°C) 

 Region 5: Power tube was turned off. The temperature went down to 21.9°C. 
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Fig. 2. – Graph of temperature change used in simulation 

Fig. 3 illustrates the changes in temperature for each region. The simulation was divided in to 2 phases: 

Phase 1: Using the information about temperature in Fig. 3 to simulate the behavior of two model under the 

effect of temperature change. From this phase, the distribution of displacement will be revealed. The maximum 

value of displacement will also be recorded. 

Phase 2: At the end of region 5 the temperature decreased to 21.9°C which is the average temperature used in 

[11,12] for calculating the compensated value. The value in simulation at this temperature will be recorded and 

made comparison to evaluate if we can simply use Eq. (5) to calculate the corrected value: 

 

 ∆𝑙 ≈ 𝛽𝑙∆𝑇 (5)           

The time for scanning by CT usually lasts several hours that is extremely long for simulation. Therefore, unit 

of hour was converted to second with respect ratio (1 hour was converted to 1 second in simulation) 

 

Simulation results 

Four types of results were extracted: displacement field in x,y,z-direction and the total displacement field 

displayed by vectors.  

Table 2. Node has max value and max value of first model made of PMMA 

 Node has max value  

of displacement 

Max value of displacement 

[µm] 

In x direction 1, 2 -6.29,6.28 

In y direction 3, 4 3.751, -3.712 

In z direction 5 22.44 

Total displacement 5 23.47 

 
Table 3. Node has max value and max value of first model made of Aluminum 

 Node has max value  

of displacement 

Max value of displacement 

[µm] 

In x direction 1,2 -1.166, 1.165 

In y direction 3,4 0.683, 0.677 

In z direction 5 4.127 

Total displacement 5 4.322 

 
Table 4.  Node has max value and max value of second model made of AlMgSi1 

 Node has max value  

of displacement 

Max value of displacement 

[µm] 

In x direction 7,8 3.052, -2.785 

In y direction 9,10 2.888, -2.591 

In z direction 11 7.582 

Total displacement 12 8.173 

 

 

20

22

21,4

22,15
22,45

21,9 21,9

19,5

20

20,5

21

21,5

22

22,5

23

0 5 10 15 20 25 30

Te
m

p
er

at
u

re
 (

°C
)

Times (hours)



Material and Mechanical Engineering Technology, №4, 2023 

7 
 

  
a) b) 

  

c) d) 
Fig. 3. – The displacement of the first model made of PMMA under simulation. a) x-direction, b) y-direction displacement, c) z-direction 

displacement, d) total displacement. 

 
 

a) b) 

  
c) d) 

Fig. 4. – The displacement of the second model made of AlMgSi1 under simulation: a) x-direction, b) y-direction displacement, c) z-direction 
displacement, d) total displacement 

Fig. 6 shows the spectrum of displacements. 
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Fig. 5. – Spectrum of displacements 

As the coordinate axes located at the center and bottom of the workpiece on XY plane, the displacement in X 

and Y direction had both sign while Z-direction ad total displacement only had positives sign. Table 2-4 recorded 

the largest value of 4 types of displacements at the highest temperature (22.45°C) and Fig. 5 and Fig. 6 illustrated 

the position having those values. 

Several conclusions could be drawn for the first phase of simulation: 

 In x and y direction, the displacement is the lowest at the middle of the model and larger when reach edges; 

 In z direction, the displacement is the lowest at the bottom and is the highest at the top of the model; 

 The displacement in z direction dominated the maximum value of total displacement; 

 The node has the maximum displacement in total will be at the max value point of z displacement or near 

that PMMA has larger expansion coefficient so that the displacement is significant bigger than the two rest cases 

(Aluminum and AlMgSi1 have similar expansion coefficients). 

In [11,12], the first model’s dimensional parameters were measured including length and width of 5 

rectangles and the height. To compensate for the change of temperature, Eq. (5) was used and the average 

temperature for whole process was assumed to be 21.9°C with PMMA and 22.3°C with Al. With the simulation, 

value of displacements was recorded at the same temperature. The Eq. (6) illustrates how to calculated the distance 

between two points A (𝑥𝐴, 𝑦𝐴 , 𝑧𝐴) and B (𝑥𝐵 , 𝑦𝐵 , 𝑧𝐵) which have the displacement respectively in direction x, y and z 

𝞓A (𝛥𝑥𝐴, 𝛥𝑦𝐴 , 𝛥𝑧𝐴) and 𝞓B (𝛥𝑥𝐵 , 𝛥𝑦𝐵 , 𝛥𝑧𝐵): 

 
 𝑁𝐷(𝑛𝑒𝑤 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒) = √(𝑥𝐴 + 𝛥𝑥𝐴 − 𝑥𝐵 − 𝛥𝑥𝐵)

2 + (𝑦𝐴 + 𝛥𝑦𝐴 − 𝑦𝐵 − 𝛥𝑦𝐵)
2 + (𝑧𝐴 + 𝛥𝑧𝐴 − 𝑧𝐵 − 𝛥𝑧𝐵)

2 (6) 

 𝑂𝐷(𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒) =  √(𝑥𝐴 − 𝑥𝐵)
2 + (𝑦𝐴 − 𝑦𝐵)

2 + (𝑧𝐴 − 𝑧𝐵)
2 (7)           

 𝑀𝐸(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑒𝑟𝑟𝑜𝑟) = 𝑁𝐷 − 𝑂𝐷 (8)           

Applying the above equation, Table 5 compare the corrected value used in [11,12] and the corrected value 

calculated by simulation. 

Table 5.  Comparison between corrected values between using Eq.(3) and simulations 

Dimensional 

parameters 

Corrected values by equations 

[µm] 

Corrected values by simulations 

[µm] 

 PMMA Al PMMA Al 

Width 5 1 5.208 1.360 

Length 10 2 9.748 2.331 

Heigh 14 3 15.66 4.127 

 

The deviations between corrected values are normally smaller than 1 µm which can be considered 

neglectable. On the other hand, the results of Eq. (5) are usually smaller than from the simulations. 

 

Conclusions 

With installed cooling systems, computed tomography is expected to maintain ideal temperature during the 

process of measurement. However, the expectation cannot be fulfilled, which was proved in [11,12] with the change 

of temperature. Consequently, measurement errors caused by thermal expansion are inevitable. The simulation of 

temperature change’s effect was implemented on 2 models with different materials where thermal expansion 

coefficients are distinctive to reveal the possible errors. 

With Marc Mentat and FEM method, the distribution of displacement in whole body of specimens were 

illustrated. It was also proved that maximum displacements for aluminum material is under 5 µm and for PMMA is 

under 20 µm for both models. In previous work, corrected values were calculated by Eq. (5) to compensate the 

change in temperature, which was compared with the value from the simulation. With the deviation under 1 µm, it 

can be concluded that using Eq. (5) to calculate compensated value if temperature during CT process cannot be 

maintained at 20 °C is applicable to simplify the work of determining the results of measurement. 
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Replaceable inserts During Machining 
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Abstract: Simulation modeling of the stress state of a prefabricated milling cutter with replaceable inserts during 

machining was carried out in the ABAQUS 2020 program using the finite element method. It has been established 

that the structural strength of a cutting tool depends on the geometry, material and cutting conditions. Based on the 

simulation, stress concentrators in a milling cutter with replaceable inserts were identified. The safety factor of the 

structure has also been determined, which meets the standard requirement. It has been established that a 

prefabricated milling cutter with replaceable plates during machining under extreme conditions ensures its 

performance with a margin of 20%. Thus, a prefabricated cutter with replaceable inserts is applicable for machining 

newly created and restored surfaces after hardfacing. 

 

Key words: FEM-analysis, stress, safety factor, fatigue strength. 

 

Inrtroduction. 

The trends in the modern cutting tool market are such that in order to maintain competitiveness, cutting tool 

manufacturers are forced to constantly look for new solutions to ensure the efficiency of machining. Experiments 

are constantly being carried out with the shape of the cutting edge in order to ensure cutting at higher speeds and at 

the same time obtain better quality milled surfaces [1]. 

Currently, cutting tools equipped with carbide replaceable polyhedral inserts in the shape of polyhedra 

(triangles, squares, rhombuses, etc.), each side of which is a cutting edge, are increasingly used. The plates are 

attached to the tool bodies using special devices that allow them to be rotated around their axes, introducing a new 

cutting edge into the working position instead of a dull one [2]. 

It is also important to develop tools for mechanical processing of surfaces after restoration by surfacing. The 

deposited layer is quite hard and the tool experiences a lot of wear during machining. For this purpose, you can also 

use a cutting tool with replaceable polyhedral inserts. 

When creating a new cutting tool, the strength of the structure is assessed using the finite element method.  

The finite element method is the main method of modern computational mechanics, which underlies the vast 

majority of modern software systems designed to perform calculations of engineering structures on a computer [3]. 

The finite element method makes it possible to almost completely automate the calculation of mechanical 

systems, although, as a rule, it requires a significantly larger number of computational operations compared to 

classical methods of mechanics of a deformable solid [4]. 

The finite element method allows you to construct a convenient scheme for forming a system of algebraic 

equations with respect to the nodal values of the desired function. Approximate approximation of the solution using 

simple polynomial functions and all necessary operations are performed on a separate standard element [5]. Then 

the elements are combined, which leads to the required system of algebraic equations. This algorithm for transition 

from a single element to their complete set is especially convenient for geometrically and physically complex 

systems. Each individual algebraic equation obtained on the basis of the finite element method contains an 

insignificant part of the nodal unknowns from their total number. In other words, many coefficients in the equations 

of an algebraic system are equal to zero, which greatly facilitates its solution [6]. 

For strength calculations, the finite element method is often used in various software. 

One such program is ABAQUS, a universal general-purpose system designed both for multi-purpose 

engineering multidisciplinary analysis and for research and educational purposes in a wide variety of fields. This 

package can be used at all stages of the design and creation of modern products [7]. 

ABAQUS meets the ISO 9001 quality standard and the quality standard established by the American Nuclear 

Review Board for quality assurance of nuclear power plant design (ANSI/ASME NQA-1, 1983). Also, the results 

obtained using the ABAQUS software package show the validity of the results, reaching 98% [8]. 

The task of choosing a rational design of cutting tools is complex and time-consuming, requiring the synthesis 

and evaluation of a large number of combinations of structural options for assembly structural elements, the values 

of their parameters and the materials from which they are made. The rationality of the form and the correctness of 

the chosen material determine the strength of the cutting tool design. 

Therefore, the purpose of this article is to develop a methodology for assessing the strength of a new design 

of a prefabricated cutter with replaceable inserts for processing restored spline surfaces using surfacing methods.  
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1. Research methodology 

Modeling of the stress state of a prefabricated cutter with replaceable inserts was carried out in the 

ABAQUS 2020 program. When modeling the stress state of a prefabricated cutter with replaceable inserts, it is 

important to correctly generate the correct finite element mesh (FEM). The meshing process used three-

dimensional second-order HEXA FEMs (hex elements) to accurately represent the distribution of internal stresses 

in the samples under the influence of external forces [9]. Figure 1 shows the mesh applied to an assembly cutter 

with replaceable inserts. The prefabricated cutter was divided into 67,872 nodes and 62,000 elements.  

 

 
 

Fig. 1. – Finite element mesh 

 

Presenting the simulation modeling methodology in the form of a certain sequence, we can distinguish 7 main 

steps. 

At step 1 (Step 1 - material properties) are specified by the input data for the designed design of a prefabricated 

cutter for dimensional processing of splines. In order to obtain a stress state of the cutter close to real milling 

conditions, a dynamic load mode was used, taking into account the data indicated in Table 1. 

 
Table 1. Loads during operation of a milling cutter with replaceable inserts 

Parameter name Meaning 

Axial feed of milling cutter 52.3 mm/rev 

Feed per tooth 0.06 mm 

Cutting speed  638 m/min 

Rotation frequency  82 rpm 

 

Also, to simulate the stress state, the properties of materials were determined - this is the material of the 

cutter body, replaceable carbide inserts (Table 4.2). 

 
Table 2. Physical properties of materials involved in the process of milling the machined surface 

Physical parameter of the material Milling cutter body material - steel 

30KhGSA (GOST 4543) 

Plate material – T5K10  

(GOST 3882) 

Density 7.85 g/сm3 12.5-13.1 g/сm ³ 

Poisson's ratio 0.280 0.21 

Tensile strength 820 МPа 1421 МPа 

Yield strength >835 МPа - 

Elongation at break >10% - 

Volume modulus of elasticity 215 GPа 160 GPа 

Shear modulus 84000 МPа 245× 109 Pа 

 

To determine point stress amplitudes, the following scheme was used (Figure 2). 
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Fig. 2. – Diagram of point stress amplitudes 

 

At the second stage (2 Step (Temperature factor)), the working temperature was selected, T = 1200ºС. The 

choice of such a high value is explained by the fact that the mechanical processing of materials of increased 

hardness and strength requires significantly more energy, which leads to an increase in temperature in the cutting 

zone, which can reach 1100 °C. Accelerating the processing process, including increasing the tool feed, also leads to 

a significant increase in the amount of heat in the processing zone [10]. 

At the third stage (3 Step (Construction characteristics), to analyze the fatigue strength and the nature of the 

distribution of internal stresses of the samples, a calculation technique was used [11], according to which readings of 

the internal stress characteristics are taken from two points, taking into account the distance between them, and the 

gradient was also calculated stress. 

When modeling, amplitude (alternating) loads were chosen as loads on the cutter, since they are the worst for 

any model. 

The fatigue strength of materials under repeated variable loading largely depends on the nature of the change 

in stress over time. 

The place where the loads are applied is the area surrounding the cutting edge of the cutter, simulating 

roughing with a cutting depth of 2 mm. 

At the fourth stage (4 Step (amplitude initialization)), the program automatically determined the loads for the 

designed cutter structure based on the entered input parameters. 

Periodic load is a variable load with a pattern of change established over time, the values of which are 

repeated after a certain period of time. The determination of voltage values is graphically presented in Figure 3. 

 
Fig. 3. - Stress cycle 

 

Stress cycle is the totality of all alternating stress values during one period of load change. 

Typically, the stress cycle is characterized by two main cycle parameters: 

− σ𝑚𝑎𝑥 - maximum cycle stress; 

− σ𝑚𝑖𝑛 - minimum cycle stress; 

− σ𝑚 - average cycle stress [11].  

The amplitude cycle stress is determined by the formula [11]: 

 

σ𝑎 =
σ𝑚𝑎𝑥 − σ𝑚𝑖𝑛

2
                         (1) 



Material and Mechanical Engineering Technology, №4, 2023 

13 
 

 

The average cycle stress is determined by the formula [11]: 

 

σ𝑚 =
σ𝑚𝑎𝑥 + σ𝑚𝑖𝑛

2
                                (2) 

 

where σmax, σmin – maximum and minimum values of equivalent stresses. 

The stress cycle asymmetry coefficient is determined by the formula [11]: 

 

𝑅 =
σ𝑚𝑎𝑥 

σ𝑚𝑖𝑛
                                 (3) 

 

In cyclic loading, during alternation, the average stresses are equal to 0, and during pulsations, the average 

stresses are equal to the amplitude stresses (Figure 4). 

 

 
 

Fig. 4. - Stress coefficients for alternations and pulsations 
 

The overall safety factor is determined by the formula [11]: 

 

                                                                             𝛼𝐵𝐾,𝜎 =
𝜎𝛼1

𝜎𝐵𝐾
∙ 𝑗
𝐷

                                                                    (5) 

 

where σa,1 – maximum stress amplitude depending on the type of stress, MPa; 

    σBK - fatigue strength of components, MPa; 

    jD - overall fatigue strength coefficient. 

The overall fatigue strength coefficient is determined by the formula [11]: 

 

                                                                                     𝑗
𝐷
=

𝑗𝐹∙

𝑘𝑡𝑑
∙ 𝑗
𝑠
,                                                                  (6)  

 

where jF – material safety factor; 

js – safety factor (js = 1 with an average probability of maintaining the safety margin 97,5%);  

kTD – temperature coefficient (KTD  = 1 for alloy steel). 

   

2. Results and discussion 

Based on the results obtained, the sensitivity of the model to amplitude loads, as well as the fatigue strength 

of the components, were calculated. The results of calculating the distribution of internal stresses are presented in 

Table 3. 
 

Table 3. Propagation of internal stresses as a result of milling cutter simulation 

Input data 

Maximum stress, 𝝈𝑚ax, МPа 326 

Minimum stress, 𝝈𝑚𝑖𝑛, МPа 32 

Intermediate results 

Amplitude cycle stress, σa, МPа 147 

Stress cycle asymmetry coefficient, R 0.0981595 

Stress sensitivity, Mσ 0.417 

Medium stress factor, KAK,σ 0.68745351 

Average cycle stress, σm, МPа 179 
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Maximum stress (𝝈𝑚ax = 326 МPа) is the stress that occurs in the cutter body, where the replaceable carbide 

insert meets, which occurs when the cutter tooth enters the workpiece. This leads to a sharp change in the cross-

sectional area of the cut, and, consequently, in the forces acting during the cutting process. 

Minimum stress (𝝈𝑚in = 32 МPа) this is the stress considered in the same place, which remains in the cutter 

body from the moment the cutter tooth leaves the machined surface and makes a circle until the next entry into the 

workpiece, the so-called residual stress. 

The amplitude cycle stress (𝝈𝒂 = 147 МPа) was obtained using formula (1). 

At the fifth stage (5 Step (Work cycles)), the strength of the cutter was investigated. To simulate the 

operation of the cutter during the cutting process, the “dynamic mode” was used. Dynamic loads include periodic, 

repetitive (cyclic) loads. When modeling the cutter, the average value of the load cycles of the cutter structure 4×106 

acting on the structural elements was specified. with given conditions. As practice shows, loads that change 

cyclically over time in magnitude or in magnitude and sign can lead to the destruction of a structure at stresses 

significantly lower than the yield strength (or tensile strength). This kind of failure is usually called “fatigue”. The 

results are presented in Table 4. 

 
Table 4. Influence of the number of working cycles on the strength of the cutter structure 

Input data 

Number of cycles (default number of work cycles 4×106) 

N 4000000 

Intermediate results 

Fatigue coefficient, КВК 1 

Fatigue Strength of Components,σВК, МPа 234.705358 

 

With a given endurance limit for steel 30ХGSА = 490 МPа, the proposed cutter design is able to resist 

fatigue failure, since 𝝈вк = 234.705358 MPa. 

According to the ISO 15641 standard, safety requirements are established for high-speed processing 

(mechanical removal of chips at high peripheral speeds) on metal-cutting machines as a result of the use of cutters. 

ISO 15641 establishes design methods, centrifugal force test procedures, operational limitations and provides 

information to minimize or eliminate these hazards. Therefore, at the sixth stage (6 Step (safety factor)), the worst -

case operating conditions of the cutter with the imposition of large amplitude loads and a high degree of wear were 

investigated (Table 5). 
 

Table 5. Results of operating the cutter with high amplitude loads 

Input data 

Material safety factor, jf 1.2 

Final results 

Overall fatigue strength factor, jD 1.26758151 

Overall safety factor, αBK,σ 0.79390809 

 

According to Table 5, we can conclude that the safety factor of the material is 1.2. It is the lower limit of the 

standard safety factor of the material (1.2÷1.5) [12]. It was also found that under the action of amplitude loads 

during 4×106 loading cycles, the overall safety factor is equal to 0.79390809 MPa. This means that the assembled 

milling cutter in question with replaceable inserts has a damage resistance reserve level of about 20% and remains 

operational. 

In addition to fatigue strength, the study identified stress concentrators of a milling cutter with replaceable 

inserts during the cutting process (Figure 5). 

 
 

Fig. 5. - Stresses in a milling cutter with replaceable inserts during the cutting process 
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According to the data obtained, the highly loaded surfaces of the assembled cutter with replaceable plates are 

the step transition of the cutter teeth, the stresses on which are 296 - 298 MPa (Figure 6), and the rear part of the 

teeth, the stresses on which are 295 - 296 MPa. 

 

 
 

Fig. 6. – Stresses in stepped transitions of cutter teeth 

 

 
 

Fig. 7. – Stresses on the back of the cutter teeth 

 

The highest stresses (345 – 365 MPa) in the cutter design occur at the edges of the replaceable inserts, since 

they have direct contact with the material being processed during machining (Figure 8). 

 
 

Fig. 8. - Stresses on the replaceable inserts of a prefabricated cutter 

 

In this area, scratches and chipping of the cutting edge of the insert will form on the rake surface, reducing 

the strength of the cutting edge. Accordingly, the greatest wear on the rake surface will occur precisely in this zone, 

since it is in this area that the greatest cutting constraint is observed. 

Also, the vulnerable point of the plate is the circular cross-section for mechanical fastening, the stress in 

which is 320 MPa. 

To evaluate the structural strength of a prefabricated milling cutter with replaceable inserts, the stress 

concentration coefficient and the strength coefficient were used. 

The safety factor is determined by formula (6): 
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n =  
σt

σmax
               (6) 

 

where 𝜎𝑡 – yield strength of the material, MPa; 

          𝜎𝑚𝑎𝑥 - maximum stress in the milling cutter, MPa. 

The results of the study of the stress state of a cutter assembly with replaceable inserts are presented 

in Table 4.6. 

 
Table 6. Parameters of the stress state of a cutter assembly with replaceable inserts  

Parameter name 
Parameter value in 

stepped tooth transitions 

Parameter value for the 

back side of the teeth 

Parameter value for 

replaceable inserts 

Maximum stress, МPа 298 296 365 

Safety factor 1.5 1.5 4.9 

 

The standard safety factor for cutting tools in mechanical engineering is n ≥ (1.5÷2.5) [13]. The safety 

margin is maintained for all components of the cutter design, with a stress spread of 60 MPa, provided that extra 

loads were specified that exceeded the actual loads by 4 times. However, for replaceable plates the safety margin is 

higher since they are made of high-alloy T5K10 glory, consisting of chromium, tungsten and vanadium. 

Thus, as a result of assessing the strength of the design of a cutter assembly with replaceable plates during 

machining, it was established that the design has a 20% margin of fatigue strength and can be used when processing 

spline surfaces of parts such as rotating bodies. 

 

Conclusions 

1. The developed strength assessment method determines the amplitude cycle stress, cycle asymmetry 

coefficient, sensitivity, average stress factor, average cycle stress, fatigue strength and fatigue strength coefficient, 

as well as the safety factor of the structure. 

2. The safety factor of replaceable polyhedral inserts is 3 times higher than the safety factor of the cutter 

body. 

3. Dangerous stress concentrators of a cutter assembly with replaceable inserts are the stepped transitions and 

the back side of the teeth, the circular section for mechanical fastening, as well as the cutting edge of replaceable 

multifaceted inserts. 

4. The design of the prefabricated cutter with replaceable inserts satisfies the standard safety factor, which 

allows its use when processing deposited surfaces. 
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Abstract. In work the effect of laser radiation on the structure, surface activity and tensile strength of polypropylene 

films is investigated, which is confirmed by IR spectroscopic studies. As a result of experimental studies of the 

contact angle of wetting after laser irradiation of the studied samples, changes in their surface activity were 

observed: with an increase in the density of laser radiation with a power of up to 1.63×105 W/cm2, the contact angle 

of wetting decreases, the highest values of the studied parameter are observed in a film irradiated with a power of 

2.26×105 W/cm2. Analyzing the results of strain- strength tests, it can be concluded that after laser treatment, the 

tensile strength of films increases, while the highest strength and elongation value are observed in a sample 

irradiated with a laser with a power density of 2.26 × 105 W/cm2. The work shows that the physical and mechanical 

characteristics of polypropylene films depend on the modes of laser radiation, the optimal results of the studied 

indicators are achieved with laser irradiation with a power density of 2.26 × 105 W/cm2. 
  

Keywords: laser radiation, polypropylene films, modification, surface activity, supramolecular structure. 

 

Introduction. 

Laser radiation affects the chemical construction, structure, physico-chemical and physico-mechanical 

properties of polymer materials. Effects associated with changes in crystallinity, morphology, hardening and 

formation of a certain charge state of the surface layer are observed. The nature of the exposure is primarily 

determined by the irradiation modes. Lasers with different wavelengths of radiation in the range from near-

ultraviolet to far-infrared are widely used to modify polymers. The ability to adjust the parameters of laser 

processing in a wide range of modes allows you to adjust the structure of the surface layer and its properties, such as 

hardness, wear resistance, roughness, etc. 

The energetic activation of the surfaces of polymeric materials by laser action leads to an increase in 

operational properties. Activated surfaces acquire new qualities due to the removal of adsorbed low molecular 

weight products and contaminants from them [1,2].  

The purpose of this research is to study the peculiarities of changes in the supramolecular structure, durability 

and surface activity of polypropylene films subjected to laser irradiation. 

 

1. Research methodology 
As a material for the study, there were used a polypropylene (PP) film of the BOPP STT brand 0.020 × 105 

TU RB 00204079.164-97 produced by JSC Mogilevkhimvolokno and a film of the BOPP STT brand 0.020 × 105 

TU RB 00204079.164-97 produced by Irplast. 

The samples were irradiated using an YAG laser with a radiation wavelength of λ = 532 nm with power 

densities of 5

1 1001,1 q  W/cm2;  5

2 1063,1 q  W/cm2; 5

3 1026,2 q  W/cm2; 5

4 1077,2 q  W/cm2. 

The designations of the samples are given in Table1. 

 
Table1. Designations and interpretation of test samples 

Sample designation Interpretation of sample designation 

I.1 PP of the JSC Mogilevkhimvolokno brand 

I.2 
PP of the JSC Mogilevkhimvolokno brand, irradiated with laser radiation 

with a power density of 
5

1 1001,1 q  W/cm2  

I.3 
PP of the JSC Mogilevkhimvolokno brand, irradiated with laser radiation 

with a power density of 5

2 1063,1 q  W/cm2  

I.4 
PP of the JSC Mogilevkhimvolokno brand, irradiated with laser radiation 

with a power density of 5

3 1026,2 q  W/cm2  

I.5 
PP of the JSC Mogilevkhimvolokno brand, irradiated with laser radiation 

with a power density of 5

4 1077,2 q  W/cm2  

II PP of the Irplast brand 

 

The adsorption properties of the films were evaluated by the contact angle of wetting in accordance with 

GOST 7934.2-74. The tensile strength was determined on a breaking machine model RM-30-1 according to GOST 

14236-81. The morphology and topography of the surface of the films were studied using an atomic force 

microscope NANOTOP-206. The surface structure of the samples was studied by infrared spectroscopy. The studies 
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were carried out on an ALPHA spectrometer. Identification and analysis of IR spectra were carried out according to 

known methods using data on IR spectra of polymer materials [3]. 

 

2. Results and discussion 

The obtained absorption spectra are shown in Figure1. 

 

 
––– - I.1; ––– - I.2;  ––– - I.3; ––– - I.4; ––– - I.5; –   –––  - II 

 
Fig. 1. – IR spectra of the studied samples in the far-infrared region 

 

IR spectroscopic studies have shown that after laser irradiation, the structure and phase state of the substance 

in the samples under study change. Signs of structural transformations of polypropylene film samples are: 

redistribution of groupings with C-C bonds (790 cm-1); change in the intensities of a number of absorption bands at 

1455 cm-1 and 1375 cm-1 (deformation vibrations of CH3 groups in trans-conformations); 2920 cm-1 and 2838 cm-1 

(valence fluctuations of CH and CH2 groups in trans-conformations); as well as the redistribution of the intensities 

of the absorption bands in the area corresponding to the transparency zone (1500 cm-1 – 2600 cm-1) [4]. 

Structural changes in the surface layers of polypropylene films cause another important effect – a change in 

surface activity, estimated by the value of the contact angle of wetting. 

Table 2 shows the values of the contact angle of wetting of polymer films.  

 
Table 2. Values of the contact angle of wetting of polymer films 

Sample designation I .1 I .2 I .3 I .4 I .5 II 

Values of the contact angle of 

wetting θ, grad 

55 43 46 59 40 43 

 

Analysis of the data in Table 2 showed that the smallest wetting angle is observed in the initial sample of the 

Irplast brand. The surface tension of BOPP STT films after irradiation varies ambiguously: with an increase in the 

power density to 1.63 ×105 W/cm2, the contact angle of wetting decreases and then increases, its highest value is 

observed in the irradiated film with a power density of 2.26×105 W/cm2. The surface of all films is hydrophilic, 

because the contact angle of wetting θ is less than 90 degrees [5]. 

The results of deformation and strength tests are presented in Figures 2,3 

As a result of stress-strain tests, it was found that after laser treatment, the tensile strength of films increases. 

The highest strength and elongation value are observed in a sample exposed to radiation by the laser a power density 

of which is 2.26×105 W/cm2. With a further increase in the power density of the laser radiation, the strength of the 

films decreases 
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As a result of scanning the surface of the films with an atomic force microscope, AFM images of the 

microrelief were obtained in the phase contrast mode (a), as well as in the topography mode (b). The test results are 

shown in Figure 4. 
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Fig. 2. – Values of the tensile strength of films 

 

0

2

4

6

8

10

12

14

1 2 3 4 5 6

О
тн

ос
ит

ел
ьн

ое
 у

дл
ин

ен
ие

, 
%

№ Образца

 
 

Fig. 3. – Values of relative elongation of samples 
 

 
 

  
Sample I.1 Sample I.2 
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Sample I.5 Sample II 
а b а b 

 
а) – AFM-image in phase contrast mode; b) – AFM -image of microrelief in topography mode 

 
Fig. 4. – Morphology and topography of the surface of samples 
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Analyzing the results of atomic force microscopy, it was found that the shape and structure of the film 

surface changes under the influence of laser irradiation. The surface of the initial film (sample II) is smoothed, 

single protrusions are observed. When exposed to laser irradiation, the surface of the films (samples I.1, I.2, I.3) 

acquires a more structured, ordered form. During irradiation of the film (sample I.4) with a laser irradiation power 

density of 2.26×105 W/cm2, a cluster structure is formed on the surface. With a further increase in the power density 

to 2.77 ×105 W/cm2, microcracks and micro-depressions are observed on the surface of the films. It should be noted 

that the results of atomic force microscopy correlate with the results of deformation and strength tests [6]. 

 

Conclusions 

Based on the results obtained, it can be concluded that high-energy processing of polypropylene films leads 

to a transformation of the supramolecular structure and a change in surface activity and, as a consequence, to a 

change in the deformation and strength characteristics of polypropylene films. Thus, with the help of laser 

irradiation, it is possible to directionally change the structure of polymer films in order to improve their service 

characteristics. Optimal physical and mechanical characteristics of the studied samples are achieved by laser 

irradiation with a power density of 2.26 × 105 W/cm2. 

 
References 

[1] Gavrilova V.V. Investigation of the structure and mechanical properties of polymer films irradiated by laser radiation / V.V. 

Gavrilova, P.I. Shupan, I.G. Sergienko // Modern problems of polymer science: collection of abstracts of the International 

Conference, Tashkent, November 14, 2016 – Tashkent: SIC Chemistry and Physics of Polymers, 2016, P. 128-130. 

[2] Sarokin V.G. Technology of laser modification of polymer semi-finished products for applying decorative coatings / V.G. 

Sorokin, E.I. Eissymont, E.V. Novogrodskaya, A.V. Chekel // Interaction of Radiation with Solids = Взаимодействие 

излучений с твердым телом: Proceedings of the 9th International Conference, September 20-22, 2011. Section 6. Equipment 

and technology. – Minsk, 2011, P. 453-455. 

[3] Infrared spectroscopy of polymers; edited by I. Dehant. – M.: Chemistry, 1972. – 472 p. 

[4] Sarokin V. Technology laser modification in material science nanocomposites for Metal-Polymeric systems // Innovations in 

engineering : proceedings  of IInd international scietific conference, Varna, Bulgaria, 20-23 june 2016 / Scientific proceedings of 

the scientific-technical union of mechanical engineering. - Bulgaria, Sofia, 2016, P. 64-65. 

[5] Sarokin V. Laser technology in materials science nanocjmposite materials based on thermoplastics / V. Sarokin, S. 

Avdeychik, V.Struk  // Scientific technical journal "Materials Science", Bulgaria, Sofia, 2015, P. 51-54. 

[6] Yarmolenko M.A. Features of degradation of polymer materials under the influence of short-wave laser radiation / M.A. 

Yarmolenko, A.A. Rogachev, Imin Liu, A.V. Rogachev, Lihong Gao, Zhua Ma // Scientific and Technical Journal "Problems of 

Physics, Mathematics and Technology", Physics. – No. 1 (50), 2022, P. 49-54. 

 

Information of the authors 

 

Shupan Pavel Ivanovich, master of engineering sciences, senior lecturer, Yanka Kupala State University 

e-mail: shupan_pi@grsu.by 

 

Gavrilova Valentina Vladimirovna, master of engineering sciences, senior lecturer, Yanka Kupala State University 

e-mail: v.gavrilova@ grsu.by 

 

 Mussafirova Galina Yaroslavovna, candidate of technical sciences,  associate professor, Yanka Kupala State University 

e-mail: musafirova_gy@grsu.by 

  



Material and Mechanical Engineering Technology, №4, 2023 

22 
 

DOI 10.52209/2706-977X_2023_4_22                          IRSTI   53.49.17                                            UDC 669.168 

Study of the Influence of the Composition of Manganese Ores  

on the Quality of Silicomanganese 
 

Naboko E.P., Issagulova D.A.*, Platonova E.S., Yudakova V.A., Pitirimova T.V. 

Abylkas Saginov Karaganda Technical University, Karaganda, Kazakhstan 

*corresponding author 

 

Abstract: Today the production of silicomanganese is in a promising direction. Silicon manganese is used to alloy 

steels, increasing their strength and corrosion resistance; in the production of cast iron, where it plays the role of a 

desulfurizer and degasser. In recent years, the demand for silicomanganese has increased significantly, which is 

caused by an increase in steel production in the world. In this work, the issue of using “poor” manganese ores of 

Kazakh origin to produce high-quality ferroalloys with reduced costs (by reducing import logistics costs) based on 

Kazakh enterprises was investigated. 

 

Keywords: silicomanganese, manganese ore, raw materials, alloy, steel, cast iron, ferroalloy, mineral composition, 

phosphorus, chemical composition. 

 

Introduction 

The mining and metallurgical complex of the republic is one of the basic industries that plays an important 

role in the formation of the country's macroeconomic indicators. The development of the national economy as a 

whole will depend on its further development. 

Currently, the goal of Kazakhstan’s industrial policy is to create the most balanced industrial complex 

(industrial-innovative), capable of serving the domestic market with competitive products for further processing, 

constantly increasing export potential through highly processed products. 

Ferroalloys, which until recently were a semi-product of metallurgical production, are today used not only as 

an alloying additive but also in the production of various products and structures. Silico-manganese is used to degas 

the steel, reduce the exposure of the metal alloy to sulfur and phosphorus, and provide increased strength and wear 

resistance to the steel. In addition, it can be used in the production of electrodes, other types of ferroalloys, casting 

alloys and other metal products. 

Ferroalloy production is a relatively new branch of metallurgy in Kazakhstan. Until recently, it was 

represented by two large factories located in Aksu and Aktobe, owned by JSC Transnational Company Kazchrome. 

Both plants specialize in the production of such types of alloys as ferrosilicon, ferrochrome and silicomanganese. 

Kazakhstan occupies one of the leading places in the ranking of producers of these types of alloys and is also 

one of the largest exporters. Considering ferroalloy production in the Commonwealth of Independent States 

countries recently, it can be noted that 25 ferroalloy plants produce about 4.8 million tons of finished products per 

year. A feature of the production of ferroalloys is the fourfold excess of product production over domestic 

consumption in metallurgical production, which explains that this production is mainly export-oriented 

The Karaganda region became a center of ferroalloy production relatively recently. Today, in the industrial 

zone of the city of Karaganda there are two ferroalloy plants, YDD Corporation LLP and Asia FerroAlloys LLP. 

The enterprises produce high-quality ferrosilicon (an alloy of iron and silicon). The Asia FerroAlloys LLP company 

specializes in the production of silicomanganese of the MnC17 grade. Product output is aimed at meeting local and 

global demand for ferroalloys in the markets of Kazakhstan, Europe, Southeast Asia, North and South America. The 

enterprises' products meet the highest international quality requirements. 

 

1. Research methodology 

When assessing the quality of ores, the first place comes the question of the content of the main element in 

them, but this criterion also changes. Due to the increasing depletion of minerals, consumers are now settling for 

increasingly poorer minerals. When deciding on the use of a particular grade of ore in production, the technical and 

economic results of work on this ore should be assessed. In this case, first of all, it should be taken into account that 

reducing the proportion of manganese in the charge by 1%, other things being equal, reduces the furnace 

productivity by 2.3%. A decrease in the Cr2O3 content in the ore by 1% reduces the productivity of the furnace and, 

accordingly, increases energy consumption in the production of low-carbon ferrochrome by 4.8% and high-carbon 

ferrochrome by 3%. The value of ore increases by reducing the content of harmful impurities such as phosphorus, 

sulfur and copper [1]. 

The number of impurities often determines the processing technology. The volumes of Kazakhstani 

manganese ores mined for the production of silicomanganese make it possible to meet the needs of the growing 

ferroalloy production of the metallurgical industry of Kazakhstan. The main advantage of domestic manganese raw 

materials is its low phosphorus content, which ensures the production of low-phosphorus ferroalloys; 

silicomanganese with phosphorus content of less than 0.15% and ferromanganese carbon of less than 0.25%. This 

allows the use of raw materials without preliminary preparation - enrichment [2]. 
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Kazakhstan occupies one of the leading positions among the Commonwealth of Independent States countries 

in terms of manganese ore reserves. Today, about 100 manganese deposits are known on the territory of the 

Republic, 19 of them are included in the country’s balance sheet. Manganese ores in Kazakhstan are classified into 

three main groups: 

Zhezdy -Ulutau, Atasu and Ushkatyn. Manganese ores of the first group are characterized by low manganese 

content (15 - 17%) and high silica content (40 - 49%). Deposits of manganese ores of the Atasu group: Western 

Karazhal, Ushkatyn I, Ushkatyn III, Tur, Zhomart, Kamys, Bogach, Zhaksy, Akzhar-Sarytuma and other manganese 

deposits are concentrated almost exclusively in Central Kazakhstan. 

In the process of work, studies were carried out on the influence of the composition of manganese ores on the 

quality of the resulting ferroalloy. Two deposits were considered: with a low mass fraction of the leading element 

content and with a high one. These are the Zhezdy deposit and the Akzhar-Sarytum deposit, respectively. 

Manganese ores with a leading element content of 22.5 - 38% are mined in the Akzhar-Sarytuma deposit 

(Table 1), located on the border of the Karaganda and Zhambyl regions. Manganese ores are concentrated in the 

northern part of the deposit. Ore deposits are confined to the very bottom of the section and are usually represented 

by interlaying of red-colored conglomerates, gravesites, sandstones and peroxide ores. Mineral composition of the 

ores: braunite, psilomelane, pyrolusite. The greatest thickness of the ore-bearing horizon (up to 50 m) was noted at 

the Akzhar-Sarytuma deposit. In other places, it usually does not exceed 10 m. 

 
Table 1. Chemical composition of manganese ore from the Akzhar-Sarytuma deposit 

Mn Fe SiO2 MgO Al2O3 CaO P 

38,7% 3,2% 23,5% - - 3,4% 0,002% 

 

Zhezdy ores (Table 2) with an average manganese content of 17% are characterized by a low phosphorus 

content and a high silica content. Ores fall into the category of dense, hard and refractory ores. Concentrates 

containing more than 45% manganese can only be obtained by fine grinding (up to 0.15 mm) and using complex 

enrichment schemes. Also, these ores contain tenths of a percent of lead, hundredths of copper and titanium, 

thousandths of cobalt, molybdenum, and thallium. Barium is present (average 2.36% BaO). This deposit of 

manganese ores has approved reserves of about seven million tons, which are in reserve. 

 
Table 2. Chemical composition of manganese ore from the Zhezdy deposit 

Mn Fe SiO2 MgO Al2O3 CaO P 

16,6% 4,75% 46,5% 0,6 10,2 2,51% 0,022% 

 

The main iron-containing component of the charge when melting silicon alloys is carbon steel fragments. The 

use of scrap ferrous metals is permitted only when melting alloys intended for use in iron foundries. This is due to 

the fact that phosphorus (>1.2%) contained in scrap ferrous metals is almost completely converted into an alloy. The 

use of scrap ferrous alloys or scrap contaminated with impurities of non-ferrous metals is not permitted. An 

exception, however, is the use of chromium steel scrap for the production of alloys containing chromium, etc. The 

use of long and tangled iron shavings, which impede portion feeding, as well as scrap contaminated with a large 

amount of oil and oxidized iron scrap, is not allowed. The use of highly oxidized scrap increases the consumption of 

energy and reducing agents, and scrap containing iron oxide hydrides also increases the hydrogen content of the 

alloy [3]. 

Repeated attempts to use iron ore or scrap iron instead of shavings in the restoration process were 

unsuccessful. In this case, to reduce iron oxide, it is necessary to increase the carbon content in the charge by 

approximately 20 kg per 100 kg of ore, which negates the expected improvement in the electrical resistance of the 

charge or the depth of the electrode. In addition, even good- quality ore contains 13 kg of slag-forming impurities 

per 100 kg, which leads to the conclusion that it is inappropriate to use ore (or iron ingots) in the reduction process 

for the production of ferroalloys [4]. 

Study of the influence of the composition of manganese ores from different deposits on the quality of 

silicomanganese. From the production data of the enterprise, 2500 kg of manganese raw materials, 810 kg of 

metallurgical coke, 340 kg of quartzite, and 500 kg of sinter are consumed according to approved standards for one 

ton of the finished product of the MnS 17 grade (according to state standard 4756-91) and 80 kg of coal concentrate. 

Based on this, for laboratory tests to smelt 150 g of alloy, the same components were used in the following ratio: 

375 g of manganese raw materials, 121.5 g of metallurgical coke, 51 g of quartzite, 74 g of manganese agglomerate 

and 12 g of coal concentrate. However, with different quality of raw materials, the amount of one or another 

component can change for the necessary chemical reactions to occur. We compiled two charge mixtures (Table 3). 

 

 

 

 

 

 

 



Material and Mechanical Engineering Technology, №4, 2023 

24 
 

Table 3. Composition of the charge mixture in the smelting of silicomanganese using ores from different deposits (research) 

Raw material component 
Alloy No. 1, g 

Zhezdy ore 

Alloy No. 2, g 

Akzhar-Sarytum ore 

Manganese ore 375 346 

Quartzite 51 51 

Coal coke 113,2 113,2 

Coal concentrate 14,6 13,5 

Iron filings 3,75 4,5 

Manganese agglomerate 81,4 74 

 

Based on Table 3 and subsequent analysis of the research data obtained, we consider it possible to 

recommend the following compositions of the charge mixture for production conditions (Table 4, Fig.1). 

 
Table 4. Composition of the charge mixture in the smelting of silicomanganese using ores from different deposits (research) 

Raw material component 
Alloy No. 1, g 

Zhezdy ore 

Alloy No. 2, g 

Akzhar-Sarytum ore 

Manganese ore 2500 2307 

Quartzite 340 340 

Coal coke 755 755 

Coal concentrate 97 90 

Iron filings 25 30 

Manganese agglomerate 550 500 

 

 
Fig. 1. – Composition of the charge mixture when smelting silicomanganese using ores from different deposits 

 

2. Results and discussion 

When comparing two alloys obtained in laboratory conditions, silicomanganese using Zhezdy manganese ore 

(Figure 2) showed the following: 

- uneven particle size or the presence of large lumps; 

- grey or black color (usually high-quality silicomanganese has a lighter color), which indicates a low- 

quality product. 

Part of the separated alloy is necessary for chemical analysis. Quantitative and qualitative analysis was 

carried out by two methods: express analysis using a spectrometer, and chemical analysis for the manganese content 

in the alloy was used to confirm the accuracy of the results. 

When conducting chemical analyses of this alloy (Table 5), a high content of impurities such as iron, sulfur 

and phosphorus is noted. This will affect the working properties of the alloy and the quality of steel alloying in 

further production. 

 
Table 5. Chemical composition of silicomanganese using Zhezdy ore, % 

Mn Si C P S 

57,2 23,6 3,7 0,7 0,02 

 

Silicomanganese, obtained using ore from the Akzhar-Sarytuma deposit (Figure 3.19) as manganese raw 

material, is lighter in appearance than the previous one, granular material with a metallic luster. Its chemical 

composition (Table 6) is similar to the composition of silicomanganese according to state standard 4756-91 grade 

MnS17, smelted at the enterprise. 
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Table 6. Chemical composition of silicomanganese using Akzhar-Sarytum ore 

Mn Si C P S 

65,4 16,7 2,5 0,3 0,02 

 

Based on the results of the studies, it is clear that the quality of the alloy decreases when using manganese 

ore with a low content of the main component. The lower quality of the alloy also leads to a lower price when 

exporting products but at a lower cost. However, under current conditions, the selection of the necessary raw 

materials is becoming more complicated. Thus, we can talk about the use of “poor” manganese ores of the Zhezdy 

deposit only taking into account the possible improvement of existing raw materials by adding ore from “rich” 

deposits, for example, the Chiatura deposit (Georgia) with a total Mn content of 42%. This ore is currently used at 

Asia FerroAlloys LLP. 

Studying the influence of the composition of manganese ores on the quality of silicomanganese is an 

important task for optimizing the process of its production and increasing production efficiency. Research has 

shown that the quality of silicomanganese depends on many parameters: the content of manganese, silicon, 

phosphorus and sulfur, as well as grain size and degree of oxidation. Also, as practice shows, ores with a high 

silicon content and low manganese content can lead to the formation of “plugs” in furnaces, which complicates the 

firing process and can reduce the quality of the product [5]. 

In addition, the influence of phosphorus and sulfur content on the quality of silicomanganese is also 

significant, since they can introduce undesirable impurities into the product. Therefore, it is necessary to conduct 

careful chemical analysis of manganese ores before using them for the production of silicomanganese. Thus, 

studying the influence of the composition of manganese ores on the quality of silicomanganese is important for 

optimizing the production process and increasing production efficiency. This leads to improved product quality and 

reduced production costs. 

 

Conclusion 

Studying the influence of the composition of manganese ores on the quality of silicomanganese is an 

important issue for optimizing the production process and increasing production efficiency. Silico-manganese is 

produced by mixing the ore with coke and silicon, then firing the mixture in a high-temperature furnace to extract 

the necessary elements from the raw materials. In addition, phosphorus and sulfur content also have a significant 

impact on the quality of silicomanganese as they create undesirable impurities in the product. Therefore, before 

using manganese ore in the production of silicomanganese, a thorough chemical analysis and determination of the 

parameters of the influence of one or another component of the ore material on the quality of the resulting ferroalloy 

is necessary. To determine the factors influencing the quality of silicomanganese, the chemical composition of 

manganese ores from the Zhezdy and Akzhar-Sarytum deposits was studied. As a result, it was determined that the 

quality of the resulting ferroalloys depends on: 

- from the content of manganese, silicon and harmful impurities (phosphorus and sulfur); 

- on grain size; 

- on the degree of oxidation. 

Having studied the influence of the chemical composition of manganese ores on the quality of ferroalloys, it 

should be noted that when using manganese ore from the Zhezdy deposit with total manganese of 16.6%, the 

resulting quality and grade do not meet the requirements of the state standard. 

Research results have shown that the quality of the alloy decreases when using manganese ores with a low 

content of main components. The low quality of the alloy also makes it cheaper to export, but this reduces the cost 

of the alloy. However, the current situation makes it difficult to select the necessary raw materials, so it is possible 

to improve the existing Kazakhstani raw materials by adding ore from rich deposits. 
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Abstract. In this project technical solutions were made based on many year working experience with boiler 

equipment in the converter shop. This project will reduce converter downtime and increase the volume of the 

produced liquid metal up to 400 thousand tenge and, taking into account all the extraneous factors, It will increase 

the economic effect of the ArcelorMittal Temirtau JSC by about $180 million per year without investing additional 

funds. This will also lead to increasing jobs in the Karaganda region and the opportunity to compete with foreign 

suppliers. In addition, when working at this project, the share of Kazakhstan content in the manufactured products of 

the ArcelorMittal Temirtau JSC increases. The use of the repair method described in the article will lead to 

improving the environmental situation in the city of Temirtau, since the normal functioning of the converter gas 

boiler-cooler directly affects the pollution of emitted impurities into the city atmosphere. Germany and Russia are 

interested in this technology. 

 

Keywords: welding seam, lining, converter, lack of penetration. 

 

Introduction 

At the first glance, metallurgy seems to be an extremely conservative industry, where changes and 

modernization are not the trend of today but something that comes after a long run-in and experimentation [1]. But 

this is not so. The growing demand for high-quality steel grades will require special attention to equipment, both at 

new and modernized enterprises, and digitalization will be an integral part of all the stages of production activity [2, 

3]. 

For example, such complex equipment as converter gas boiler-coolers is an extremely important thing in 

production [4]. They are designed to cool and to recover heat from waste gases of steelmaking converters, and serve 

to generate steam for technological needs [5]. The design of boiler-coolers takes into account high thermal loads, 

their cyclicity, and high dust content of gases leaving the neck of the converters [6]. Therefore, it is extremely 

important to carry out their timely and high-quality repairs. 

There are several types of boiler-coolers for converter gases mounted behind converters with upper oxygen 

purge [7]. Such boilers are used for afterburning converter gases and cooling combustion products to the 

temperature of 250-300 °C, at which it becomes possible to clean them from dust [8]. 

 Cooling converter gases by admission of cold air is associated with high energy costs to remove the gas-air 

mixture and the loss of a significant amount of heat. To reduce the temperature of gases from the 100-130 ton 

converter without burning CO, the required amount of air for dilution is 25 m3/s [9]. When gas is uniformly mixed 

with air, the CO concentration in the mixture is 7.15%, which is much lower than the lower limit mixture for CO 

(12.5%). However, it is almost impossible to avoid explosive local concentrations, so CO has to be burned off. In 

this case, the air flow rate is about 140 m3/s, the power of the electric motors of the smoke exhausters behind the gas 

cleaning to remove the gas-air mixture reaches 5000 kW [10]. 

The temperature and pressure at which the elements and devices of the boiler-cooler operate, provide 

increased requirements for quality and reliability during their production and repair. In addition, the production of 

boiler equipment is not serial. In some ways it is unique, and this is where the additional complexity of 

manufacturing and repairing industrial boilers lies. 

 

1. Research methods 

The technology of repairing boiler-coolers leads to increasing the overhaul period by paralleling repair work, 

as well as better and more efficient repairs in the presence of a reserve recoiling part of the boiler-cooler and 

repairing the heating surfaces of the boiler stationary part in a large-block way on special repair stands, which in 

turn reduces repair time and increases the service life of equipment. 

With proper operation of boiler-coolers, repairs to the recoiling part can be carried out once every 12-14 

months. This is extremely important to take it into account, since when the converters are heavily loaded, the 

enterprise does not have the opportunity to frequently stop production to carry out routine repairs. 

The proposed technology makes it possible to combine the work of overhauling the recoil part and the lining of 

the converter. This period of downtime can be used to repair and to replace the recoiling and stationary parts of the 

boiler-coolers. If there is a reserve recoiling part, the replacement can be carried out within 7-9 days. 
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2. Results and discussion 

From 2014 to 2020, the team of authors participated in mounting and repair work in the converter shop of the 

metallurgical plant of the ArcelorMittal Temirtau JSC. The company performed such work as repair of recoiling 

parts of converter gas boiler-coolers, replacement of skirts and heating surfaces of the stationary part of boiler-

coolers. 

Within this period, in the territory of the production workshop of the Praktika-T company, there were  

manufactured hinges, skirts, heating surfaces of the stationary part, filling caissons and the recoiling part of the 

boiler-coolers (Figure 1). 

 

 
                                                                                             

                                                                                              а) 

 

 
 
                                                                                            b) 

 

 
                           

                                                                                 c) 

 

                                           а) skirt; b) filling caissons; с) recoiling part 
 

Fig. 1. – Manufacturing the parts of boiler-coolers at the the Praktika-T company 
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To manufacture the recoiling part of the boiler-cooler, a special assembly stand and platforms for 

transportation were used. In 2018, the work was completed to mount and to put into operation the ecoiling part of 

the boiler-cooler of converter No. 1. 

  Boiler-coolers for converter gases are designed to cool and to recover heat from the waste gases of 

steelmaking converters (Figure 2). They also serve to generate steam for the technological needs of the plant. The 

design of boiler-coolers takes into account high thermal loads, their cyclicity, and a high dust content of gases 

leaving the neck of the converters. 

  

 
 

1 – recoiling part; 2 – stationary inclined part; 3 – stationary bypass elbow; 4 – tuyere caisson;  

5 – caisson of bulk materials; 6 – skirt; 7 – converter  

 
Fig. 2. – Converter gas boiler-cooler 

 

This design of boiler-coolers is particularly complicated for carrying out repair work at the boiler work site. 

One of the difficulties is the forced use of operational welds to weld the heating surfaces of the boiler-cooler. During 

the repair work at the working sites of boiler-coolers, there were encountered such difficulties as inaccessibility of 

welding work, which entailed the need to perform operational welds. 

  The operational welding seam is used in a hard-to-reach place, through a technical window. It is mainly 

used in pipe welding. This type of welding seam has two significant disadvantages: frequent lack of penetration and 

the ingress of foreign particles in the form of slag and scale from welding into the pipe. This is extremely 

unacceptable for the normal functioning of the boiler-cooler. This significantly reduces the quality of the repair 

work performed, since the performance and service life of the boiler directly depends on the purity of the water. 
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                                              1 – welding seam; 2 – welding the pipe from the inside 

 
Fig. 3. – Operational welding seam 

 

Based on the experience gained, there was proposed changing the technology of repairing boiler-coolers. 

The repair technology developed includes the presence of a reserve recoiling part of the boiler-cooler and the 

repair of heating surfaces of the stationary part of the boiler using a large-block method on special repair stands. 

With proper operation of boiler-coolers, repairs to the recoiling part can be carried out once every 12-14 

months. Due to a high load on converters, it is not possible to frequently stop production for routine repairs. 

Once a year, the work on converter lining is carried out. The developed technology makes it possible to 

combine the work on the overhaul of the recoiling part and the lining of the converter. This period of downtime can 

be used to repair and to replace the recoiling and stationary parts of the boiler-coolers. If there is a reserve recoiling 

part, the replacement can be carried out within 7-9 days. The failed recoiling part is placed on a special repair stand, 

which will allow performing a complete troubleshooting and high-quality repair, preparing it for further re-use until 

the next repair of the recoiling part in operation. Repairing the recoiling part on a special repair stand gives full 

access to welding work, the ability to test and to perform repair technology at a high level that is difficult to do when 

repairing the working platforms of a boiler-cooler. 

The blocks for repairing heating surfaces of the stationary part of the boiler-cooler are assembled at the repair 

site using special repair stands. Replacing the damaged part with one large block makes it possible to carry out 

repair work quickly and efficiently. The blocks for repair can also be assembled at the manufacturer’s factory.  

 

Conclusions  

The main advantages of the proposed technology of repairing boiler-coolers is significant increasing the 

quality of repair work, which in turn halves the costs and the time of its implementation. It is worth noting that this 

repair technology will be effective if the metal smelting technology is strictly followed, since adherence to the 

technology directly affects the service life of the power equipment of the converter shop. 

This will also lead to increasing jobs in the territory of the converter shop and the opportunity to compete 

with a foreign supplier. 

In addition, when working at this project, the share of Kazakhstan content in the manufactured products of 

the ArcelorMittal Temirtau JSC increases. 

 

References 
[1] Ghorbani Y., Nwaila G., Zhang S, Hay M. Repurposing legacy metallurgical data part II: Case studies of plant 

performance optimization and process simulation // Minerals Engineering, Volume 160, 2021, 106667 

[2] Branca, T.A., Fornai, B., Colla, V., Murri M.M., Streppa E., Schroder A.J. The Challenge of Digitalization in the Steel Sector 

//Metals 2020, 10, P. 288  

[3] Colla, Valentina & Pietrosanti, Costanzo & Malfa, Enrico & Peters, Klaus. Environment 4.0: How digitalization and machine 

learning can improve the environmental footprint of the steel production processes //Matériaux & Techniques, 2021, P.108  

[4] Clews R.J. Chapter 10 - Natural Gas and LNG Project Finance for the International Petroleum Industry, 2016, P. 169-185 

[5] Hussam Jouhara, Navid Khordehgah, Sulaiman Almahmoud, Bertrand Delpech, Amisha Chauhan, Savvas A. Tassou Waste 

heat recovery technologies and applications //Thermal Science and Engineering Progress, Volume 6, June 2018, P. 268-289 

[6] Zuo Z., Dong X., Luo S., Yu Q. Waste Heat Recovery from Converter Gas by a Filled Bulb Regenerator: Heat Transfer 

Characteristics. Processes 2023, 11, P. 915 

[7] Hendrik Le Roux, W.B. Drummond Reducing/eliminating gas emissions from pierce smith converters //The South African 

Institute of Mining and Metallurgy The Third Southern African Conference on Base Metals, 2020, P. 71 - 86 

[8] Akash Singh, Vivek Sharma, Siddhant Mittal, Gopesh Pandey, Deepa Mudgal, Pallav Gupta An overview of problems and 

solutions for components subjected to freside of boilers //International Journal of Industrial Chemistry, 2018, 9, P. 1–15 

[9] Mi, Jiaxing & Wang, Feifei & Li, Pu Bo & Dally, Bassam Modified Vitiation in a Moderate or Intense Low-Oxygen Dilution 

(MILD) Combustion Furnace //Energy & Fuels, 2011, P. 26.  



Material and Mechanical Engineering Technology, №4, 2023 

31 
 

[10] Dryden I.G.C. The Efficient Use of Energy (Second Edition), Butterworth-Heinemann, Chapter 10 - Boiler plant and 

auxiliaries, 1982, 200 – 248. 

 
Information of the authors 

 

Ivashin Yuri Alexeyevich, technical supervisor, LLP "Praktika-T" 

e-mail: ivashin.ya@mail.ru 

 

Lyssenko Irina Petrovna, leading design engineer, LLP "Praktika-T" 

e-mail: l_irina_p@mail.ru 

 

StarkovVladislav Aleksandrovich, leading design engineer, LLP "Praktika-T" 

e-mail: vadian_95@mail.ru 

 

 

   

mailto:ivashin.ya@mail.ru
mailto:vadian_95@mail.ru


Material and Mechanical Engineering Technology, №4, 2023 

32 
 

DOI 10.52209/2706-977X_2023_4_32                          IRSTI   55.43.03                            UDC 629.113.012 

 

Free and Forced Vibrations of the Carrier Beam of the Vehicle Chassis 
 

Akhmediev S.K., Filippova T.S., Oryntayeva G.Zh.,  

Tazhenova G.D., Mikhailov V.F.* 

Abylkas Saginov Karaganda Technical University, Karaganda, Kazakhstan  

*corresponding author 

 

Abstract. The article is dealing with the stress-strain state of the carrier beam of the two-axle vehicle chassis for a 

dynamic perturbing load that occurs in the process of driving along the unevenness of the road, taking into account 

the elastic characteristics of the spring suspension. When analyzing the ride smoothness, it is necessary to take into 

account low-frequency forced vibrations caused by road irregularities, as well as free low-frequency vibrations. The 

dynamic calculation was carried out by the force method. In this case, the expansion of a given arbitrary dynamic 

load is performed in terms of the main modes of vibration. The calculation for free and forced vibrations was made 

by an exact analytical method, taking into account the elastic pliability of the axial supports of the beam. In the 

course of the study, the external dynamic forces acting on the structure under consideration, reduced to three-point 

masses, were determined and three forms of free vibrations were obtained. The results of the study can be used to 

optimize the design of the truck chassis and to improve their reliability and safety in operation. By understanding the 

behavior of a suspension system under dynamic loads, engineers can design stronger, more reliable designs that can 

withstand the stress of transporting heavy loads over rough roads. In general, this study contributes to the 

development of more efficient and safer transport systems. 

 

Keywords: Free and forced vibrations; Chassis; Carrier beam; Stress-strain state; Amplitude. 

 

Introduction 

Any complex multi-mass mechanical systems, including vehicles interact with the external environment. This 

system includes sprung masses such as a body, a driver, passengers, a cargo and unsprung masses of axles. The 

masses interact with each other through the elastic and dissipative elements of the suspension, tires and seats that 

allow their moving relative to each other. 

There are a lot of mathematical models that are used to study the dynamics of a vehicle. Works [1]–[4] 

present a complete analysis of various models from the designer's point of view, for example, changing the 

suspension stiffness, the damping coefficient, optimizing the form of its elements using the modal finite element 

analysis [5]. In [6], a nonlinear model of a dynamic system was considered using the Simscape environment in the 

MATLAB/Simulink. The results show a significant reduction in the amount of displacement and acceleration of the 

sprung mass during rebound and roll compared to the linear model, therefore, the non-linear spring elements work 

well in most static and dynamic conditions. 

When analyzing ride smoothness, it is necessary to take into account low-frequency forced vibrations caused 

by road irregularities, as well as free low-frequency vibrations. For trucks, it is sufficient to take into account 

vibrations of the body and suspension, in which vertical vibrations of the masses and angular vibrations of the body 

in the longitudinal and transverse vertical planes of the vehicle are analyzed. The quality of the suspension depends 

directly on the amplitude-frequency characteristics of the kinematic and vibration effects [7], [8]. In [9] it was found 

that increasing nonlinear stiffness leads to changing the magnitude of oscillation amplitudes and frequencies that 

affect the overall stability of the vehicle. In [10], forced vibrations of a four-axle vehicle with a double spring 

suspension were studied. For its mathematical model a numerical solution was obtained for the critical value of 

external excitation, within which vibration becomes stable. In this case, the suspension parameters were selected 

from the required amplitude value. 

The vehicle movement occurs in conditions of uneven roads, which leads to vibrations of the body, seats and 

is accompanied by vibration loads on the human body and the vehicle mechanisms. In [11], the influence of road 

roughness, vehicle speed, suspension stiffness and damping on vehicle characteristics was studied. In addition, 

inverse problems were solved, such as determining the reaction of the road surface when the vehicle was moving 

[12]. 

One of the ways to reduce vibration loads is to regulate the damping of oscillations of the sprung masses of the 

vehicle suspension system. In works [13], [14], the dynamics of the vehicle suspension behavior when it moves 

along the unevenness of the roadway, as well as through the forest area, is studied. The results show that the 

proposed suspension can provide a significant reduction in vibration levels, and the appropriate selection of the 

material leads to decreasing the deflection and resulting stresses, improving dynamic performance and increasing 

the service life. 

The developers of a new technology pay great attention to the development of new suspension elements in 

the form of inerter [15] and hydraulic integrated suspension [16].  
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1. Methods and solutions 

When designing vehicles of various designs and carrying capacity, it is necessary to calculate the load-

bearing structures of the vehicle chassis, taking into account their movement along the unevenness of the road, i.e., 

to calculate them under kinematic disturbances. 

Forced vibrations of chassis structures are caused by kinematic perturbation of the spring suspension of a 

moving vehicle. 

The object of study is the carrier beam of the vehicle chassis with constant bending stiffness with resiliently 

pliable supports (A, B) (Figure 1) that work in bending from the dynamic impact caused by the kinematic movement 

of the spring suspension. 

5.2

2.6 2.61.3 1.8

X1 X2 X3

8.3

RA RB

P1 P2

m1 m2
m3

1.3

1.3 1.8

X1

X2

X3

RA1
RB1

RA2
RB2

RA3
RB3

 
Fig. 1. - The carrier beam of the two-axle vehicle chassis 

 

Dynamic calculations of the above construction will be carried out by the force method. Direct dynamic 

calculation of the structure under study is carried out in the following algorithmic sequence: 

1. In order to simplify the calculation, there is first performed the expansion of the given arbitrary dynamic 

load in terms of the main vibration modes. 

2. There is performed the calculation for free vibrations (in the absence of a disturbing force) as a system 

with three degrees of freedom in order to determine the frequency spectrum and modes of natural vibrations with 

studying the dependence of frequency characteristics on the changes in the degree of pliability (cushioning) of the 

chassis supports. 

3. There is performed the calculation for forced vibrations from the disturbing harmonic load that occurs 

when vehicles move along uneven roadways with studying the changes in the amplitudes of dynamic movements 

from the degree of pliability of the chassis wheel bearings. 

 

2. Calculation for free vibrations 

Let’s calculate the coefficients of the pliability matrix (Figure 1). Vereshchagin’s method, representative by 

graph multiplication method, shows the effective ability to determine displacement resulting from deformation body 

of bending structures. The advantages of this method are the integrating process derived from Maxwell-Mohr: 

 

𝛿11 = ∫
(𝑀1

2)

𝐸𝐽𝑥

𝑙

0

𝑑𝑥 +
∑ (𝑅1,𝑖

2 )𝑖=1,2

𝐶𝑖
= 2.375 ⋅ 10−3 𝑘𝑁 ∙ 𝑚 

(1) 

𝛿22 = ∫
(𝑀2

2)

𝐸𝐽𝑥

𝑙

0

𝑑𝑥 +
∑ (𝑅2,𝑖

2 )𝑖=1,2

𝐶𝑖
= 1.2054 ⋅ 10−3𝑘𝑁 ∙ 𝑚 

𝛿33 = ∫
(𝑀3

2)

𝐸𝐽𝑥

𝑙

0

𝑑𝑥 +
∑ (𝑅3,𝑖

2 )𝑖=1,2

𝐶𝑖
= 3.402 ⋅ 10−3𝑘𝑁 ∙ 𝑚 

𝛿12 = 𝛿21 = ∫
(𝑀1)(𝑀2)

𝐸𝐽𝑥

𝑙

0

𝑑𝑥 + ∑
(𝑅1,𝑖 ⋅ 𝑅2,𝑖)

𝐶𝑖
𝑖=1,2

== −0.144 ⋅ 10−3 𝑘𝑁 ∙ 𝑚 
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𝛿13 = 𝛿31 = ∫
(𝑀1)(𝑀3)

𝐸𝐽𝑥

𝑙

0

𝑑𝑥 + ∑
(𝑅1,𝑖 ⋅ 𝑅3,𝑖)

𝐶𝑖
𝑖=1,2

== −0.0098 ⋅ 10−3 𝑘𝑁 ∙ 𝑚 

𝛿32 = 𝛿23 = ∫
(𝑀2)(𝑀3)

𝐸𝐽𝑥

𝑙

0

𝑑𝑥 + ∑
(𝑅2,𝑖 ⋅ 𝑅3,𝑖)

𝐶𝑖
𝑖=1,2

== −0.365 ⋅ 10−3 𝑘𝑁 ∙ 𝑚 

 

where 𝛿𝑖𝑖 is the coefficient of the pliability matrix, 𝑀𝑖 is the bending moment, 𝐶𝑖 is the coefficient of stiffness, 𝐸 is 

the elastic modulus, 𝐽𝑥 is the moment of inertia, 𝑅𝑖,𝑖 is the support reaction. 

Let’s make a secular equation (т = 0.25 ⋅ 104 𝑘𝑔, С = 1,15 ⋅ 104
𝑘𝑁

𝑚
): 

 

𝐷 = 𝑚 |

𝛿11 − 𝜆     𝛿12          𝛿13
     𝛿21   𝛿22 − 𝜆      𝛿23
     𝛿31         𝛿32   𝛿33 − 𝜆

| = 0 (2) 

  

where 𝐷 is the matrix determinant, 𝜆𝑖 is the root of the secular equation, 𝑚 is the mass. 

𝜆𝑖 =
1

𝜔𝑖
2𝑚

         𝜔𝑖 = √
1

𝜆𝑖𝑚
 (3) 

 

where 𝜔𝑖 is the circular frequence. 

Solution (2) gives the following values: 

 

𝜆1 = 8,653 ⋅ 10−4
𝑠2

𝑘𝑔
    𝜔3 = 59,52 𝑠

−1 

 

𝜆2 = 5,979 ⋅ 10−4
𝑠2

𝑘𝑔
  𝜔2 = 40,90 𝑠

−1 

 

𝜆3 = 2,823 ⋅ 10
−4
𝑠2

𝑘𝑔
  𝜔1 = 34 𝑠−1 

 

Based on the intrinsic vectors �̄�𝑖𝑘 ( 321321 ,,;,,  ki ) there is built the forms of intrinsic vibrations in 

the form of the “standing” waves (Figure 2). 

 

y13
y23

y33

y12

y22 y32

y11
y21 y31

 
 

Fig. 2. - Beam intrinsic vibrations forms 

 

II Calculation for forced vibrations 

 

Let’s consider the case of uniform motion of a vehicle along the road with the speed 𝑣 [17]–[19]. 

In this case, the abscissa of motion is 𝑥 = 𝑣𝑡 and the path profile has the equation 𝑥 = 𝛥(𝑣𝑡). Then the 

perturbing inertia force is taken in the form of a harmonic load  

 

𝑃𝑖(𝑡) = 𝑃0,𝑖 sin 𝜃𝑡      (𝑖 = 1, 2) (4) 

 

where 𝑃𝑖(𝑡) is the perturbing force, 𝑃0,𝑖 is the amplitude perturbing force. 
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𝜃 = 𝜋𝑣/𝑙0 (5) 

 

where 𝜃 is the disturbing force frequency, 𝑣 is the velocity of movement, 𝑙0 is the average length. 

The amplitude perturbing force is  

 

𝑃0,𝑖 = 𝑚𝑖𝑓0,𝑖 (
𝜋2𝑣2

𝑙0
2 ) = 𝑚𝑖𝑓0,𝑖(𝜃

2). (6) 

 

where 𝑓0,𝑖 is the kinematic excitation parameter. 

2.6 2.61.3 1.8

RA RB

P1 P2

m1 m2 m3

P3

S1 S2 S3

yA yB

5.127 1.23
8.111

A1
A2 A3

 
 

Fig. 3. - Forced vibration scheme 

 

Let’s consider the steady-state oscillations of the system (in the absence of movement resistance forces). The 

parameters of forced vibrations are as follows: 

а) at an arbitrary moment 

 𝑦𝑖(𝑡) = 𝐴𝑖 sin 𝜃𝑡 is the displacement, 𝐴𝑖 is the displacement amplitude; 

 𝐽𝑖(𝑡) = −𝑚𝑖�̈�𝑖 = 𝜃
2𝑚𝑖𝐴𝑖 sin 𝜃𝑡 is the inertia force; 

 𝑃𝑖(𝑡) = 𝑃0𝑖 sin 𝜃𝑡 is the perturbing force; 

 𝑆𝑖(𝑡) = (𝑃0𝑖 + 𝜃
2𝑚𝑖𝐴𝑖) sin 𝜃𝑡 is the external dynamic force; 

b) in the amplitude state 

 𝐴𝑖; 
 𝐽𝑖 = 𝜃

2𝑚𝑖𝐴𝑖; 
 𝑃0𝑖; 
 𝑆𝑖 = 𝑃0𝑖 + 𝐽𝑖 = 𝑃0𝑖 + 𝜃

2𝑚𝑖𝐴𝑖. 
For the further calculations there is accepted the following: 

𝑣 = 16.67 
𝑚

𝑠
; 𝑙0 =

𝑙

4
= 2.075 𝑚; (𝑙 = 8.3 𝑚, Figure 1). 

Based on formula (5): 

 

𝜃 =
3,14 ⋅ 16,67

2,075
= 25,23 𝑠−1. 

 

The pliability matrix of the system (with 𝑛 = 3): 

 

 [𝛿] = [

𝛿11 𝛿12 𝛿13
𝛿21 𝛿22 𝛿23
𝛿31 𝛿32 𝛿33

] (7) 

 

Having accepted 𝐶1 = 1,15 ⋅ 10
4  
𝑘𝑁

𝑚
, there is obtained:  

 

[𝛿] = 10−3 [
2.375 −0.144 −0.0098
−0.144 1.205 −0.365
−0.0098 −0.365 3.402

] 
  

 

The deflection vector, taking into account (7): 
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А⃗⃗ = [

А1
А2
А3

] = [𝛿]𝑆 =

= 10−3 [
2.375 −0.144 −0.0098
−0.144 1.205 −0.365
−0.0098 −0.365 3.402

] . [

𝑆1
𝑆2
𝑆3

] 

(8) 

 

𝛥 𝑖,𝑃0 = [

𝛥1𝑃0
𝛥2𝑃0
𝛥3𝑃0

] = [𝛿]�⃗� 0,𝑖 =

= 10−3 [
2.375 −0.144 −0.0098
−0.144 1.205 −0.365
−0.0098 −0.365 3.402

] . [

𝑃01
𝑃02
𝑃03

] 

(9) 

 

By (6) we obtained: 

 

𝑃0,𝑖 = 𝑚𝑖𝑓0,𝑖(𝜃
2) = 0,25𝑓0,𝑖(25,23)

2 = 159,14𝑓0,𝑖  

 

The amplitude equations [20]: 

 

{
 
 

 
 [𝛿11𝑚1 − (

1

𝜃2
)] 𝐴1 + 𝛿12𝑚2𝐴2 + 𝛿13𝑚3𝐴3 = −

𝛥1𝑃0
 𝜃2

𝛿21𝑚1𝐴1 + [𝛿22𝑚2 − (
1

𝜃2
)] 𝐴2 + 𝛿23𝑚3𝐴3 = −

𝛥2𝑃0
𝜃2 

𝛿31𝑚1𝐴1 + 𝛿32𝑚2𝐴2 + [𝛿33𝑚3 − (
1

𝜃2
)] 𝐴3 = −

𝛥3𝑃0
𝜃2

 (10) 

 

The equations for amplitudes of external dynamic forces:  

 

{
  
 

  
 [𝛿11 − (

1

𝑚1𝜃
2
)] 𝑆1 + 𝛿12𝑆2 + 𝛿13𝑆3 = −

𝑃01
𝑚1𝜃

2

𝛿21𝑆1 + [𝛿22 − (
1

𝑚2𝜃
2
)] 𝑆2 + 𝛿23𝑆3 = −

𝑃02
𝑚2𝜃

2

𝛿31𝑆1 + 𝛿32𝑆2 + [𝛿33 − (
1

𝑚3𝜃
2
)] 𝑆3 = −

𝑃03
𝑚3𝜃

2

 (11) 

 

Here 

𝑚1 = 𝑚2 = 𝑚3 = 0,25 ∙ 10
4 𝑘𝑔;

  
𝜃 = 25,23 𝑠−1.

 
Let’s open equation (9) taking into account the initial data (with 𝜃/𝜔1 = 0,742): 

 

{

−3.909𝑆1 − 0.144𝑆2 − 0.0098𝑆3 = −15.899 sin 25.23𝑡
−0.144𝑆1 − 5.079𝑆2 − 0.365𝑆3 = −17.72 sin 25.23𝑡
−0.0098𝑆1 − 0.365𝑆2 − 2.882𝑆3 = −14.139 sin 25.23𝑡

 (12) 

 

Having solved system (12), there is obtained: 

 

𝑆1 = 3.944 ⋅ 10
4𝑁, 𝑆2 = 3.053 ⋅ 10

4𝑁, 𝑆3 = 4.506 ⋅ 10
4𝑁.

     
Figure 3 shows the diagram of bending moments under external dynamic forces.

 
Based on (8), there is determined 

 

А1 = 8.765 ⋅ 10−3 𝑚, А2 = 1.917 ⋅ 10−3 𝑚, А3 = 14.176 ⋅ 10
−3 𝑚. 

 

Based on the beam deflection curve (Figure 3) there is expressed  the beam deflections dependence through 

the interpolation polynomial [21] with (n = 2  is the degree of the polynomial, а0 = А1): 

 

𝑦(𝑥) = 𝑎0 + 𝑎1𝑥𝑖 + 𝑎2𝑥𝑖
2 = 10−3(8.765 + 𝑎1𝑥𝑖 + 𝑎2𝑥𝑖

2) (13) 

 

According (13) (Figure 3) there is written down the system of algebraic equations for determining the values 

of а1,  а2, (х1 = 3.9𝑚, х2 = 8.3𝑚): 



Material and Mechanical Engineering Technology, №4, 2023 

37 
 

 

8.765 ∙ 10−3 + 3.9а1 + 15.21а2 = 1.917 ∙ 10−3

8.765 ∙ 10−3 + 8.3а1 + 68.89а2 = 14.176 ∙ 10−3
}  (14) 

 

Solving system (14), there is determined: 

 

𝑎1 = −3.89 ⋅ 10−3;  𝑎2 = 0.547 ⋅ 10
−3  (15) 

 

Substitute expressions (15) into equation (13): 

 

𝑦(𝑥𝑖) = (8.765 − 3.89𝑥𝑖 + 0.547𝑥𝑖
2) ∙ 10−3    (16) 

 

where 𝑦(𝑥𝑖) is the ordinate of displacement and the interpolation polynomial of 2nd degree obtained (16). 

Based on (16) there is calculated: 

 𝑥𝑖 = 1.3 𝑚 (on the A support): уА = 4.6337 ⋅ 10
−3 𝑚; 

 𝑥𝑖 = 6.5 𝑚 (on the B support): уВ = 6.597 ⋅ 10−3 𝑚. 
The accuracy of calculating the intermediate deflections of a beam can be increased by taking into account 

the interpolation polynomial of a higher degree, i.e., taking 𝑛 > 2. 

Next, there will be studied the effect of the elastic pliability of supports A and B on the dynamic forces 

Р1,  Р2 of the beam in Figure 1. Let’s take the values of the pliability coefficients of supports A, B in the range 

(0…0.87 ⋅ 10−4  
𝑚

𝑘𝑁
) (the results are in Table 1). 

According to Table 1, there are constructed graphs of the circular frequencies of free vibrations dependence 

on the pliability coefficients of supports A and B (indicated by 𝑘𝑖 ). 

 
Fig. 4. - The 𝜔𝑖 = 𝑓(𝑘𝑖)   (𝑘𝑖 ⋅ 10

−4 𝑚

𝑘𝑁
) dependences 

 

Let’s write the expressions of interpolation polynomials according to Table 1 for the analytical determination 

of the circular frequencies of free vibrations  𝜔𝑖 (𝑖 = 1,  2,  3) and the amplitudes of dynamic displacements у𝑖 (𝑖 =
1,  2,  3) depending on changing the 𝐶𝑖 and 𝑘𝑖values. 

 
Table 1. Dynamic parameters for the beam depending on the coefficients of stiffness 𝐶𝑖 and pliability (𝑘𝑖 = 1/𝐶𝑖) of the A and B supports 

С𝑖 ⋅ 10
4, 

𝑘𝑁

𝑚
 

𝑘𝑖 ⋅ 10
−4, 

𝑚

𝑘𝑁
 

Circular frequencies 𝜔𝑖 , 𝑠
−1 Dynamic movement amplitudes, m 

𝜔1 𝜔2 𝜔3 𝐴1∙10-3 𝐴2∙10-3 𝐴3∙10-3 

1.15 0.87 34.0 40.90 59.52 8.765 1.917 14.176 

2.3 0.434 36.67 49.24 74.16 5.286 -0.894 9.5723 

10 0.1 38.74 64.42 109.69 3.6988 -2.00 6.072 

20 0.05 35.83 51.57 83.28 7.005 0.595 11.054 

30 0.033 35.95 48.27 75.95 7.565 1.01 12.04 

∞ 0.0 38.48 70.48 135.96 2.561 7.89 5.36 

 

According to Table 1, it can be seen that with increasing the pliability of supports A, B (Figure 3), the circular 

frequencies of natural vibrations of the beam first increase monotonically, and then decrease monotonically, while 

the values reach the minimum 𝜔𝑖 (𝑖 = 1,  2,  3) at the value of 𝑘𝑖 ≈ 0,21 ⋅ 10
−4  

𝑚

𝑘𝑁
. 



Material and Mechanical Engineering Technology, №4, 2023 

38 
 

The dependences of circular frequencies (by analogy with (16)) are as follows: 

 

𝜔1 = 34.0 + 40.63𝑘𝑖 − 79.182𝑘𝑖
2

𝜔2 = 40.90 + 238.53𝑘𝑖 − 503.16𝑘𝑖
2

𝜔3 = 59.52 + 532.49𝑘𝑖 − 1144.86𝑘𝑖
2

}. (17) 

 

The first derivatives from the frequencies: 

 

𝜔1
′ = 40.63 − 79.182𝑘𝑖 = 0;

 
𝑘𝑖
1 = 0.513 ∙ 10−4  

𝑚

𝑘𝑁
, 

𝜔2
′ = 238.53 − 503.16𝑘𝑖 = 0;

 
𝑘𝑖
2 = 0.474 ∙ 10−4  

𝑚

𝑘𝑁
, 

𝜔3
′ = 532.49 − 1144.86𝑘𝑖 = 0; 

𝑘𝑖
3 = 0.465 ∙ 10−4  

𝑚

𝑘𝑁
. 

(18) 

 

Now let’s study the dynamic movement amplitudes А𝑖 
depending on the changing of pliability coefficients 

𝑘𝑖.  

We accept the next values 𝐶2 = 2.3 ⋅ 104  
𝑘𝑁

𝑚
, 𝜃 = 25.23 𝑠−1, т = 0.25 ∙ 104 𝑘𝑔. 

 
According to (7) and (11) 

we obtain: 

 

[𝛿] = 10−3 [
1.6685 −0.3608 0.2619
−0.3608 0.9883 −0.5826
0.2619 −0.5826 2.6955

] 
  

 

{

−4.6155𝑆1 − 0.3608𝑆2 + 0.2619𝑆3 = −15.899
−0.3608𝑆1 − 5.296𝑆2 − 0.5826𝑆3 = −17.72
0.2619𝑆1 − 0.5826𝑆2 − 3.5885𝑆3 = −14.139

  

 
Having solved system, there is determined: 

 

𝑆1 = 3.457  ⋅ 10
4𝑁;   𝑆2 = 2.582  ⋅ 104𝑁;

  

𝑆3 = 3.7734  ⋅ 10
4𝑁. 

 

А1 = 5.286 ⋅ 10−3 𝑚, А2 = −0.8939 ⋅ 10−3 𝑚, А3 = 9.5723 ⋅ 10−3 𝑚 . 

 

For 𝐶3 = 10 ⋅ 10
4 𝑘𝑁/𝑚, 𝜃 = 25.23 𝑠−1, т = 0.25 ⋅ 103𝑘𝑔 𝑠2/𝑚: 

 

[𝛿] = 10−3 [
1.125 −0.5282 0.4711
−0.5282 0.8209 −0.75
0.4711 −0.75 2.005

] 
  

 

 

{

−5.159𝑆1 − 0.5282𝑆2 + 0.4711𝑆3 = −15.899
−0.5282𝑆1 − 5.4631𝑆2 − 0.75𝑆3 = −17.72
0.4711𝑆1 − 0.75𝑆2 − 4.279𝑆3 = −14.139

  

 

There is obtained: 

 

𝑆1 = 3.1187  ⋅ 10
4 𝑁;  𝑆2 = 2.502  ⋅ 10

4 𝑁;

   

𝑆3 = 3.2092  ⋅ 104 𝑁.  
 

А1 = 3.6988 ⋅ 10
−3 𝑚,  А2 = −2.0 ⋅ 10−3 𝑚, А3 = 6.0272 ⋅ 10

−3 𝑚 

 

Let’s write down interpolation polynomials (11) for dynamic movement amplitudes А𝑖 
(based on the data of 

Table 1): 

а) for А1: 

А1 = 𝑎0 + 𝑎1𝑥𝑖 + 𝑎2𝑥𝑖
2;

  
а0 = 8.765  

{
𝛥х1 = 0.87 − 0.434 = 0.436
𝛥х2 = 0.1 − 0.434 = 0.334

 
 

5.286 = 8.765 + а1(0.436) + а2(0.436)
2  

3.6988 = 8.765 + а1(0.334) + а2(0.334)
2  

{
0.436а1 + 0.190а2 = −3.479;
0.334а1 + 0.11156а2 = −5.0662
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|
а1 = −38.723
а2 = 70.55

 
 

А1 = 10
−3(8.765 − 38.723𝑘𝑖 + 70.55𝑘𝑖

2) (19) 

 

b) for А2: 

 

А2 = 𝑎0 + 𝑎1𝑥𝑖 + 𝑎2𝑥𝑖
2;

  
а0 = 1.917  

−0,894 = 1.917 + а1(0.436) + а2(0.436)
2  

−2.00 = 1.917 + а1(0.334) + а2(0.334)
2  

{
0.436а1 + 0.190а2 = −2.811
0.334а1 + 0.11156а2 = −3.917

 
 

|
а1 = −29.03
а2 = 51.825

 
 

А2 = 10
−3(1.917 − 29.03𝑘𝑖 + 51.82𝑘𝑖

2) (20) 

 

c) for А3:
  

  

 

А3 = 𝑎0 + 𝑎1𝑥𝑖 + 𝑎2𝑥𝑖
2;

  
а0 = 14,176  

9.5723 = 14.176 + а1(0.436) + а2(0.436)
2  

6.072 = 14.176 + а1(0.334) + а2(0.334)
2  

{
0.436а1 + 0.190а2 = −4.6037
0.334а1 + 0.11156а2 = −8.104

 
 

|
а1 = −69.173
а2 = 134.505

 
 

А3 = 10
−3(14.176 − 69.173𝑘𝑖 + 134.505𝑘𝑖

2)   (21) 

 

According to equations (19-21), Table 1 is supplemented (with 𝑘𝑖 = 0.05; 𝑘𝑖 = 0.033). 

Figure 5, according to Table 1, shows the dependence of the amplitudes of the dynamic displacements А𝑖 (𝑖 =
1,  2,  3) of the beam (Figure 3) depending on the pliability coefficients of the supports (A, B) (on the values 𝑘𝑖). 
 

 
Fig. 5. - The А𝑖 = 𝑓(𝑘𝑖) (𝑘𝑖 ⋅ 10

−4 𝑚

𝑘𝑁
) dependences  

 

Conclusions 

In this work, there is studied the stress-strain state (SSS) of a carrier beam for the two-axle truck chassis for 

the dynamic perturbing load that occurs during the movement of the vehicle (the calculation for kinematic excitation 

х = 𝛥(𝑡)) along the road irregularities, taking into account the elastic characteristics of the spring suspension. 

In the process of studies, the external dynamic forces acting on the structure under consideration were 

determined, reduced to three-point masses. The dependencies 𝜔𝑖 = 𝑓(𝑘𝑖) ,  А𝑖 = 𝑓(𝑘𝑖) were given. 

For the accepted coefficient of compliance of supports A and B (the 𝑘 = 0.87 ⋅ 10−4  
𝑚

𝑘𝑁
 value) there were 

determined: 

- the forms of free vibrations at frequencies 𝜔1,  𝜔2,  𝜔3; 

- the diagram of amplitudes of dynamic changes; 

- the diagram of amplitudes of dynamic bending moments.  

According to the results of the study, it was established: all three forms of free vibrations are complex, they 

have one, two or three "standing" waves with alternating plus and minus signs with zero displacements at the 

locations of the corresponding masses т1,  т2,  т3. 
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Here there is observed the effect of the elastic pliability of the supports A, B. 

When changing the value of the pliability coefficient 𝑘𝑖 (Table 1), the following is observed: 

- the main tone 𝜔1 is almost independent of the value 𝑘𝑖 (Figure 4); 

- the first (𝜔2) and second (𝜔3) overtones change along a complex trajectory: they either sharply decrease, 

or sharply increase (at 𝑘𝑖 = 0, 0…0.324 ⋅ 10
−4 𝑚/𝑘𝑁), then stabilize (monotonically decreasing at 𝑘𝑖 > 0.216 ⋅

10−4 𝑚/𝑘𝑁); 

- in Figure 5, the nature of changing the amplitudes of dynamic mass displacements А𝑖 (𝑖 = 1,  2,  3) is also 

quite complex: the amplitude of the  second  mass (А2 ) (in the span of the beam) changes monotonously, while the 

amplitudes of the first (А1) and third (А3) masses (on the beam consoles) have a complex-changing character with a 

sharp increase and decrease within the 𝑘𝑖 = 0, 0…0.216 ⋅ 10−4 𝑚/𝑘𝑁 limits and a monotonous change in values at 

𝑘𝑖 > 0.216 ⋅ 10−4 𝑚/𝑘𝑁. 

The proposed theoretical developments and applied results can be used in scientific research in the field of 

mechanics of a solid deformable body, as well as in the process of designing load-bearing structures of various types 

in mechanical engineering, construction and vehicles, i.e. when solving specific problems of strength, rigidity and 

stability that arise in the process of design and construction. 
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Abstract. This paper reflects the main aspects of the methodology for studying road pavement structures 

using non-invasive research methods. The technology for diagnosing highways using OKO-2 georadar complexes 

has been studied. Non-invasive methods are based on the principle of radar with the generation of electromagnetic 

high-frequency wave pulses through pavement structures. The scientific work was carried out within the framework 

of grant funding for a scientific and technical project on the topic: AP19680361 - “Development of computing 

technologies for diagnosing road pavement of highways.” Based on the analysis of radargrams and instrumental 

examination of highway anomalies using mathematical methods, it is planned to determine numerical algorithms 

using the theory of ill-posed problems, mathematical apparatus: equations of mathematical physics, optimization 

methods and the theory of difference schemes. This work is of scientific and practical interest for improving the 

methodology for georadar inspection of highways. 

Key words. Mechatronics of georadar research, Ground penetrating radar, OKO-2 device, road pavement, 

diagnostics, anomaly, algorithm, transport and operational state, interpretation of radargrams, images of road 

pavement structures, radar principle  

Introduction. Timely diagnosis of road pavement structure is the main stage in the inspection of highways. 

RSE on the PCV "National Center for the Quality of Road Assets" in its activities on road asset management carries 

out diagnostics and instrumental examination of many thousands of kilometers of roads. 

The methodology for diagnosing highways using Oko-2 georadar equipment is described in [1-8]. Analysis 

of georadargrams allows for high-quality diagnostics and visual assessment of the condition of roads during 

operation, without opening the structural layers of the road pavement. The result of non-invasive diagnostics is the 

identification of abnormal sections of roads that do not meet regulatory requirements for their transport and 

operational condition. Based on georadar data and the results of a highway survey, the types and composition of the 

main works and activities for maintenance, repair and reconstruction are determined in order to improve their 

transport and operational condition to the required level. 

Research methods. The operation of the OKO-2 georadar is based on the principle of radar - electromagnetic 

high-frequency wave pulses passing through road pavement structures from several centimeters to several meters, 

depending on the parameters of the antenna unit, make it possible to create detailed images of road pavement 

structures displaying anomalies. By road pavement anomalies we mean surface defects in the form of holes, 

potholes, cracks, subsidence, cavities and voids formed during operation. 

Table 1 shows the main technical characteristics of the antenna units of the OKO-2 georadar complexes with 

antenna units (AB-400R, AB-1000R). 

 

Table 1. General technical characteristics of OKO-2 antenna units 

Antenna unit AB-400R Antenna unit АБ-1000Р 

Work with a gap of up to 30 cm 

Center frequency 400 MHz 

Sounding depth 3 m 

Work with a separation of 30 cm 

Center frequency 1000 MHz 

Maximum probing depth up to 1.5 m 

 

The principle of operation is based on the phenomenon of reflection of electromagnetic waves from surfaces 

on which electrical properties change. The main parameter of the medium is its dielectric constant ( ). During GPR 

sounding, the GPR moves along the surface being surveyed or with a slight separation (depending on the type of 

antenna unit). An electromagnetic wave in soil (or other research medium) is reflected from the boundaries of layers 

that have excellent dielectric properties. The GPR consists of a transmitting (source) and receiving (receiver) 

antenna. The source emits an electromagnetic wave of a given frequency, and at each point of the distance a trace is 

recorded - the dependence of the signal amplitude on the time of arrival of the reflection. A set of traces along the 

entire distance makes up a radargram. The first reflection on the radargram is called a direct wave (forward signal). 

The direct wave is in most cases the same for all profile traces (Figure 1). It is determined by the design of the 

antenna and the surface of the profile. Other waves on the radargram are waves reflected from any boundaries of 

layers or local objects in the soil (or other research environment). 
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Fig. 1. - Schematic representation of the principle of the ground penetrating radar method 

 

Reflected signals from local objects on the radargram are displayed in the form of a characteristic hyperbola 

(Figure 2). The object from which the reflected wave originated is located at the point corresponding to the vertex of 

the hyperbola. Application of the georadar method to highlight the boundaries of soil layers, detect local objects, etc. 

perhaps due to differences in electrical properties. The main properties are electrical resistivity   and dielectric 

constant . 

 

 
 

Fig. 2. - The principle of the formation of reflected waves from the boundary of two media and a local object 

 
Specific electrical resistance determines the attenuation of the electromagnetic field in the medium, and, 

consequently, the depth of the study. The lower the attenuation, the greater the depth the field will penetrate, that is, 

we will receive a response from rocks at greater depths. Almost all substances, except pure metal, can be classified 

as dielectrics with finite conductivity. In this regard, the concept of relative dielectric constant of a substance was 

introduced. 
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Fig.3. - Mobile road diagnostic laboratory with installed Oko-2 ground penetrating radars, with AB-400R and AB-1000R antenna units 

 

Scientific results. The software supplied with the device uses an engineering method for interpreting 

radargrams, which consists of comparing the obtained radargrams with a database of known species. Experimentally 

established or physically based formulas for determining the geoelectric section are also used. 

Preparatory work for the Oko-2 georadar for inspecting automotive work includes: 1. installation of the 

antenna unit using a universal suspension on the vehicle; 2. mounting the displacement sensor on the rear wheel of 

the car; 3. selection of antenna unit and sounding parameters. 

The georadar series: "Oko-2", with the antenna unit AB-400R and AB-1000R, is intended for diagnostics of 

road surfaces (highway routes). This modification allows you to take real data at a travel speed of 60-80 km/h. The 

device determines the thickness of the layers of the road surface, during repeated research it determines changes in 

the boundaries of the layers, and issues recommendations to conduct additional research in the zone of 

decompaction of the road pavement. 

Interpretation of georadar data - obtaining the most complete information about the structure of road 

pavement, expressed in the form of geological sections: determining changes in the thickness of the layers of road 

pavement; determination of the soil moisture zone; determining the spatial outline of the bottom of the layers; 

determination of groundwater infiltration paths; identification of defects made during road works; release of foreign 

inclusions in the soil. 

 

 
 

Fig. 4. - Radargram with an anomaly of pavement defects 

 

A georadar survey of the subgrade, base and road surfaces was carried out using the Oko-2 series device 

(AB-400R and AB-1000R) with the following results: 

section of the road being repaired under the project “Major repairs of the road “Eastern Bypass of Astana - 

Art. Saryoba", km 0-23 and km 23-41. 
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During the departure, a georadar measurement was carried out using the Oko-2 device (AB-400R and AB-

1000R) on the laid structural layers of road pavement: 

- the bottom layer of the base is made of crushed stone-peved mixture C4; 

- the top layer of the base is made of crushed stone-sand mixture C6, treated with Portland cement M-400 in 

an amount of 7%. 

- the bottom layer of coating with hot coarse-grained porous asphalt concrete Grade 2. 

Similarly, a section of the R-2 “Astana – Korgalzhyn” highway, km 49-51, was examined. 

 

 
 
Fig 4.  - Surveying with ground penetrating radar anomalies and defects in the road surface of the R-2 “Astana – Korgalzhyn” highway, 

km 49-51 

 

Georadar measurements using the Oko-2 device (AB-400R and AB-1000R) on the section of the R-2 Astana-

Korgalzhyn highway with the entrance to the Korgalzhyn Nature Reserve were carried out in places where there 

were obvious defects and anomalies - destruction and potholes on the surface and base of the road. 
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