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Abstract. This article presents a design diagram of the experimental setup, developed to investigate the effect of 

structural and kinematic parameters on the torque at the drive shaft during the soil transportation from the center 

of the crater. The research was conducted varying the screw rotation speed, the lifting height of the excavated soil, 

and the radius of curvature of the flexible screw-type sectional working body. Based on the conducted studies, 

corresponding regression equations and response surfaces were constructed to investigate the influence of the 

specified parameters on the torque value on the drive shaft during transport. The analysis of the obtained regression 

equation established that the dominant factor influencing the torque value is the material lift height h. It was also 

determined that the radius of the curvature R of the flexible screw-type sectional working body has a significant 

influence on the torque value. The least influential factor on the torque is the rotational speed n of the working 

body. 
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Introduction 

All the forms of military and man-made impact lead to severe contamination and degradation of the 

soil cover. The effects of all munitions, used in military operations, are that they cause shock waves and 

create products of explosion that spread into the surrounding environment. 

First and foremost, the soil deformation occurs in all directions of the shock wave propagation. As 

a result of combustion, explosion and detonation of munitions, various by-products are created, most of 

which are either toxic or hazardous pollutants. 

The internal components of the soil are scattered over significant area. The soil remaining within 
the blast zone undergoes intense turbulence and dynamic compaction and is characterized by the 

presence of numerous metal fragments containing residues of toxic explosives [1-3]. 

These damages are visible to the naked eye; however, to determine the chemical impact, an analysis 

must be conducted, as the impact is caused by a thermal pulse, explosion, and soil disturbance. This also 

disrupts the soil’s biological structure. Craters from detonations and the surrounding area, depending on 
the debris scattering radius, are contaminated with toxic metals (nickel, zinc, lead, cadmium, copper, 

etc.). During the detonation of rockets and aerial bombs, it is not only the air that becomes contaminated. 

Hazardous substances do not remain in the atmosphere for long but return in the form of precipitation 
and accumulate in the soil. The toxic elements may penetrate through the soil into water or the plants 

grown on it; these pollutants may migrate in the environment and accumulate in the organisms of the 

plants and animals [4-6]. The heavy metals are present in all munitions; they accumulate in the top 10 

cm of soil and are biologically available to the surrounding ecosystems. During high-intensity 
detonations, small metal fragments from projectiles scatter over varying distances depending on their 

explosive power and in accordance with the blast radius. Incomplete detonations scatter the largest parts 

of the shell casing [7; 8]. The work [9] presented that acidic and alkaline buffering capacities were most 
severely reduced in the topsoil layers, following the FPV drone strikes, highlighting increased 

vulnerability of these soils to further chemical stressors. An X-ray fluorescence analysis revealed 

significantly elevated levels of potentially toxic metals (Pb, Zn, Cu, Cr, Co, As) in combat-impacted 

soils, providing clear evidence of anthropogenic contamination, derived from explosive residues and 

military munitions. 

Analysis of the soil samples taken directly from the crater and from the area of impact on the soil 

cover after combat operations revealed that concentrations of cadmium, chromium, and lead were 

recorded in the craters (in craters from 120-125 mm munitions, cadmium concentration factors are 

approximately 4-17 clarks above background levels; 82 mm munitions – 4 clarks; 152-155 mm shells – 
2-18 clarks; and aerial bombs – 5-13 clarks; lead concentration factors are approximately 4-22 clarks in 
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the impact zones of 120-125 mm munitions, 2.6-4 clarks for 152-155 mm, 2.7 clarks for 82 mm 

munitions, and 2.7-11 clarks for aerial bombs). The maximum concentration of cadmium is observed 

on the crater slopes, while that of chromium is at the crater bottom. It should be noted that the type of 

munitions was determined either by debris near the crater or by the size of the crater [9]. 

Other significant impacts on the soil cover include the consequences of the explosion, detonation, 

or ignition of heavy equipment on agricultural lands. Analysis of granulometric composition of the soil 

revealed that in the areas where the heavy equipment ignited or fuel and lubricants leaked, the content 

of the physical clay decreased [10]. The consequences of contamination of natural resources through 
military activities, the disruption of critical ecosystems, and the subsequent threats for human health in 

living and future generations, are described in [10] review. 

To assess the extent of the soil damage, it is necessary to determine the type and degree of 

contamination in each individual area. Based on these indicators, it is then necessary to establish the 

level of their suitability and the most efficient restoration methods. Some areas may be fully suitable 
and require only cleaning. Others, however, have sustained such damage that any activity will be 

impossible in the near future. In such cases, it is necessary to restore the topography of the agricultural 

land, level and recultivate it – that is, restore the optimal balance and fertility of the soil. 

Reclamation of the damaged and contaminated land may be carried out mechanically. To do this, 

the craters must first be cleared of the damaged soil and the soil contaminated with heavy metals and 
other hazardous substances. After this, the craters must be backfilled, i.e. the surface levelled. 

Subsequently, the land can be harrowed and cultivated, and ploughed if necessary. 

A screw conveyor with a flexible sectional working body can be employed to transport the cleared 

damaged soil from inside the crater. Since the use of articulated screw working elements ensures high 

efficiency in the loading and unloading processes when transporting loose agricultural materials along 

curved routes, improving the performance of screw conveyors is a pressing task. 

Conveyors with screw working elements can be either stationary or mobile and are widely used for 

loading (transhipment) of bulk material into the bodies of lorries, railway wagons, ship holds, etc. 

An analysis of the literature has revealed that the kinematic, dynamic, and design parameters of the 

working components, as well as their operating modes during the loading and overloading of bulk 

agricultural materials, have been studied for single- and double-screw conveyors [11-13], as well as 

during the material removal using active loading spouts [14]. 

The works [15; 16] present methods for determining the optimal parameters of the working 

elements of vertical and inclined screw conveyors, used for transporting agricultural materials. 

Papers [17; 18] present a mathematical model of the flow of materials in a screw conveyor with a 
rotating casing. Of particular interest is the pneumatic screw-type flexible sectional conveyor [19], in 

which the conveying efficiency is enhanced by a directed flow of compressed air. This process captures 

fine particles and imparts additional conveying velocity to them; in effect, the particles are separated by 
size, shape, and mass. Using the methods described in [20], it is possible to conduct research, focused 

on the processes of grinding (milling) the entire soil mass to obtain a fine, homogeneous mass, as well 

as the pneumatic separation of the soil particles in a vortex flow. 

In this regard, it will be important to improve and develop new designs for the working components 

of screw conveyors, determining their optimal kinematic, technological and structural parameters, which 

will improve the operational performance of the agricultural material transportation process. 

Materials and methods 

To determine the performance characteristics, a screw conveyor with a flexible sectional working 

body was developed, using which the laboratory studies were conducted on the transport of bulk material 

along curved paths for disposing of the soil contaminated from inside of the crater. 

The experimental studies with the developed experimental setup were carried out using an Altivar 

71 frequency converter and PowerSuite v.2.5.0 software to record the power parameters. Fig. 1 shows 
a schematic diagram of a flexible screw conveyor and the equipment used to control and obtain results 

for determining the kinematic parameters of the process. 
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To improve the performance of the process for transporting cleared, damaged soil, it is 

recommended to use the developed design of a flexible, sectional screw-type working body. Fig. 2 shows 

a general view of it. 

The working element of the flexible screw conveyor consists of individual sections of identical 
diameter and length. Each section comprises rods 1 (each section contains two rods), to one end of which 

a cylindrical sleeve with a concave surface 2 is rigidly attached, along with a spherical pin and balls, for 

which there are three axial parallel grooves in the sleeve 2, which are evenly spaced around the 

circumference and engage with the balls. The balls of sleeve 2 also interact with the recesses of the pin. 
This ball-and-socket connection of the cylindrical sleeve 2 with a concave surface allows for its axial 

movement and angular rotation.  

  

Fig. 1. Schematic diagram (а) and general view (b) of a flexible screw conveyor and equipment 

for regulating the rotational speed of the electric motor rotor and obtaining results: 1 – transfer 

unit; 2 – feed chute with a flexible fixed casing and a screw conveyor; 3 – soil hopper; 4 – discharge 
chute with a flexible fixed casing and a screw conveyor; 5 – Altivar 71 frequency converter;  

6 – computer; 7 – conveyor drive motor 

 

Fig. 2. Schematic diagram (a) and general view (b) of the flexible screw sectional working body: 

1 – rods (2 pcs.) for each section; 2 – cylindrical bushing with a concave spherical surface, a spherical 

pin, and balls; 3 – connecting bushing; 4 – bolted joint; 5 – helical coil for each section 

a) 

b) 
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On the other side of rods 1, a connecting sleeve 3 is rigidly mounted in the inner bore of the section, 

perpendicular to its axis. It contacts the corresponding end of the finger of the cylindrical sleeve with a 

concave surface 2 of the adjacent section and is secured by means of a bolted connection 4. A helical 

coil 5 is welded to the outer surface of each cylindrical section. 

The screw-type working element operates as follows. The screw spiral 5 of the section of the screw 

rotates, and the torque is transmitted to the pin via the balls in the cylindrical sleeve with a concave 

surface 2, and then on to the adjacent sections of the screw-type working element. 

The experimental procedure was as follows. During the experimental studies, the loose soil was fed 

through the hopper into the loading chute, which consisted of a stationary flexible casing and a specially 
designed screw conveyor; the rotation of the screw conveyor moved the material toward the transfer 

pipe of the conveyor. Then the soil entered the discharge chute, which also contained a flexible casing 

and a screw conveyor that transported the material to the discharge zone. 

The aim of the laboratory studies was to investigate the influence of the screw rotation speed, the 

lifting height of the excavated soil and the radius of curvature of the flexible sectional screw-type 

working body on the torque of the drive shaft during transport. 

For the study, loose soil was collected from the experimental field of the Institute of Mechanics and 
Automation of Agro-Industrial Production at the National Academy of Agrarian Sciences of Ukraine. 

Loamy soil with a moisture content of 10-20% was used for this purpose. 

The experiments were conducted with the conveying line fully filled with soil. To vary the rotational 

speed of the working body, a frequency converter was applied to adjust the frequency of the voltage, 

supplied to the motor/engine. The experimental investigations were conducted with a material transport 
line 4 m long, the lifting height of the scraped damaged soil layer was varied by changing the inclination 

angle of the line, and the radius of curvature of the flexible screw-type sectional working body was 

adjusted by altering the curvature of the process line. 

To ensure a reliable assessment of the performance of the experimental setup during the research, 

the required number of repetitions was achieved with three replicates. To determine the influence of the 
independent factors on the transportation torque of the flexible screw conveyor under investigation, a 

comparative multifactorial experiment of the PFE-33 type was made. The dependence of the torque on 

the changes was determined in three factors. These factors included the screw rotation speed n, the lift 

height of the loose soil h, and the radius of curvature of the flexible helical articulated-section working 

element R. In other words, the relationship was determined T = f (n, h, R). 

Since during the experiments the independent variables are heterogeneous and have different units 

of measurement, and the numbers expressing the values of these factors are of different orders of 

magnitude, they were brought into a single system of calculations by converting from actual values to 

coded values. When coding the factors, the factor space is linearly transformed – the origin of the 
coordinate system is shifted to the center of the experiment, and the scale along the axes is chosen in 

units of factor variation [20]. 

Next, we constructed a design matrix for 33 PFE-type multifactorial experiment for a total number 

of trials N = 33, assigning coded values to the levels of variation for each factor: the upper level was 

designated as “+1”, the lower level as “–1” and the zero level as “0”. The results of coding the factors 

and their levels of variation are presented in Table 1. 

Table 1 

Results of factor coding and their levels of variation 

Factors 
Designation Interval of 

variation 

Levels of variation, 

natural/coded Code Natural 

Screw rotation frequency n, rpm X1
 х1 200 300/–1 500/0 700/+1 

Soil lifting height h, m X2 х2 1.0 1/–1 2/0 3/+1 

Radius of curvature of the screw R, m X2 х2 0.6 0.3/–1 0.9/0 1.5/+1 

The factors of the continuous variables were coded based on the data in Table 1. 
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After coding the factors, a design matrix was created for the corresponding 3×3 factorial 

experiment, with a total of N = 3³ trials. These are shown in Table 2. 

Table 2 

Randomised design matrix for the 33PFE-type experiment 

Experiment 

No. 

Levels of factors 
Interaction of 

factors 

Optimisation 

parameter, T, Nm 
Average 

values of 

Ts, Nm 
Repeatability 

x0 x1 x2 x3 x1x2 x1x3 x2x3 1 2 3 

1   + 1 –1 –1 –1   + 1   + 1   + 1 20.25 22.29 22.30 21.61 

2   + 1   + 1 –1 –1 –1 –1   + 1 23.73 23.68 24.69 24.03 

3   + 1 0 –1 –1 0 0   + 1 22.57 23.48 22.54 22.86 

4   + 1 –1   + 1 –1 –1   + 1 –1 24.07 29.10 29.14 27.44 

5   + 1   + 1   + 1 –1   + 1 –1 –1 29.49 29.52 30.58 29.86 

6   + 1 0   + 1 –1 0 0 –1 28.37 28.36 28.34 28.36 

7   + 1 –1 0 –1 0   + 1 0 24.21 25.17 25.18 24.85 

8   + 1   + 1 0 –1 0 –1 0 27.55 26.66 26.62 26.94 

9   + 1 0 0 –1 0 0 0 28.42 24.51 24.49 25.81 

10   + 1 –1 –1   + 1   + 1 –1 –1 29.63 29.61 29.56 29.60 

11   + 1   + 1 –1   + 1 –1   + 1 –1 32.98 32.05 33.02 32.68 

12   + 1 0 –1   + 1 0 0 –1 27.90 27.86 37.78 31.18 

13   + 1 –1   + 1   + 1 –1 –1   + 1 36.49 36.45 34.34 35.76 

14   + 1   + 1   + 1   + 1   + 1   + 1   + 1 37.98 38.93 38.82 38.58 

15   + 1 0   + 1   + 1 0 0   + 1 37.75 36.72 36.83 37.10 

16   + 1 –1 0   + 1 0 –1 0 30.70 30.86 30.83 30.80 

17   + 1   + 1 0   + 1 0   + 1 0 30.78 30.77 40.73 34.09 

18   + 1 0 0   + 1 0 0 0 29.54 39.49 29.50 32.84 

19   + 1 –1 –1 0   + 1 0 0 22.45 22.41 32.46 25.77 

20   + 1   + 1 –1 0 –1 0 0 23.66 23.70 33.71 27.02 

21   + 1 0 –1 0 0 0 0 24.84 24.85 34.81 28.17 

22   + 1 –1   + 1 0 –1 0 0 23.74 23.78 33.69 27.07 

23   + 1   + 1   + 1 0   + 1 0 0 29.42 39.53 29.58 32.84 

24   + 1 0   + 1 0 0 0 0 26.55 26.57 36.51 29.88 

25   + 1 –1 0 0 0 0 0 27.69 25.40 35.42 29.50 

26   + 1   + 1 0 0 0 0 0 27.74 27.78 37.83 31.12 

27   + 1 0 0 0 0 0 0 26.62 26.66 36.51 29.93 

During the implementation of the designed matrices, in order to eliminate the influence of the 
uncontrolled and unregulated factors on the experimental results, in particular on the torque values 

during transportation, the order of experiments was randomised. The randomisation of the design matrix 

was performed using the randomised block design method, which was implemented by randomly 

drawing the serial numbers of the trials from a box [20]. 

The experimental data, obtained following the planned experiments, were processed using well-
known statistical methods and techniques, including correlation and regression analysis, to ultimately 

derive empirical regression equations. The optimization parameter, i.e. the torque T = f (n, h, R), 

determined experimentally, was sought in the form of a mathematical model of a well-known quadratic 

polynomial [20]. 

The reproducibility of the values, obtained from the experimental data set, with an identical number 

of repetitions for each experiment, was tested using Cochran’s criterion. 
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where G – calculated value of the Cochran criterion;  

 Sv max – numerical value of the maximum variance at the u-th point;  

 Sv – variance characterising the dispersion of the results of the u-th experiment. 

After performing the calculations using the formulas, it was established that the calculated value of 
the Cochran criterion is G = 0.05436. The calculated values of the Cochran criterion were compared 

with the tabulated value GT = 0.245 at a confidence level of α = 0.05. The condition G ≤ GT is satisfied, 

and the variances are considered homogeneous, which means that the process is reproducible. 

The response function (optimisation parameter), i.e. the torque T = f (n, h, R), determined 

experimentally, was modelled using a well-known quadratic polynomial: 

 T = b0 + b1x1 + b2x2 + b3x3 + b12x1x2 + b13x1x3 + b23x2x3, (3) 

where b0, b1, b2, b3, b12, b13, b23 – coefficients of the corresponding values xi;  

 x1, x2, x3 – corresponding coded factors. 

The statistical significance of the regression equation coefficients bi(jk) was determined using 

Student’s t-test [20]. 

The coefficients of the approximating polynomial were determined using the corresponding general 

formulas [20]. 

The free term b0 and the coefficients b0, i of the factor: 
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The interaction coefficients bij: 
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where  xiu, xju, xku – values of the coded variable in the corresponding column of the experimental 

design;  

 ȳu – mean result of the u -th experiment;  

 u – serial number of the experiment;  

 i – factor number;  

 j, k – factor number, other than the i -th;  

 N – number of experiments conducted. 

If the significance condition was not met, then such coefficient bi(jk) of the regression equation was 

considered insignificant (equal to zero), and the corresponding term x(i) of the regression equation was 

excluded. 

The values of the regression equation coefficients are presented in Table 3. 

Table 3 

Values of the regression equation coefficients 

b0 b1 b2 b3 b12 b13 

29.5021 2.2452 3.2801 0.9322 0.8889 – 0.8967 

Thus, we obtain the regression equation: 

 
31322132 88896.08967.09322.02801.32452.25021.29 xxxxxxxxT +−+++= . (6) 

The adequacy of the selected mathematical model was tested against experimental data – that is, 

the correspondence of the model to the real-world process – using the Fisher criterion (F) as follows. 

The adequacy variance was determined: 
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where N – gʹ – number of degrees of freedom of the adequacy variance;  
 gʹ – number of significant coefficients in the regression equation;  

 
uY – mean response value in the u-th experiment;  

 
uy~  – response value at the u -th point of the plan, calculated using the regression equation. 

The calculated Fisher’s exact test statistic was determined as Fp: 
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where S2(Y) – replication variance of the experiment. 

We determined the tabulated value of the Fisher’s criterion FT at a specified significance level α 

and two degrees of freedom [20]: fag = N – g and fy = N(n – 1). 

The adequacy of the selected mathematical model was tested according to the condition  

Fp < FT. The obtained value Fp was compared with the tabulated value FT. If the condition is satisfied, 

then the PFE regression equation is adequate to the experimental data. 

The calculated value of the Fisher criterion is Fp = 1.3089, and, accordingly, FT = 1.93 at a 5% 

significance level. Therefore, the condition of adequacy of the selected mathematical model is satisfied, 

i.e. the PFE regression equation is consistent with the experimental data. 

Next, the multiple correlation coefficient was also determined using the formula 
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where Y  – mean value of the function, determined from the experimental data. 

The value of the multiple correlation coefficient is R = 0.987. 

Thus, the general form of the regression equation in natural coordinates for the torque on the drive 
shaft during transport by a flexible screw conveyor, after transformation and simplification of the 

expressions, takes the form: 

 RnRhhnRhnT +−+++−= 0075.04975.10047.02641.32598.10114.02572.25 . (10) 

The resulting regression equation (10) can be used to determine the torque as a function of the screw 

rotation speed, n, the soil lift height, h, and the screw curvature radius, R, within the following ranges 

of input factors: 300  n  700 (rpm); 0.3  R  1.5 (m); 1  h  3 (m). 

Results and discussion 

Based on calculations, performed using the “Statistica 13.0” statistical software package for 
processing and analysing the results of experimental studies, three-dimensional response surfaces were 

constructed showing the dependence of the torque on the drive shaft during the material transportation 

by a flexible screw conveyor, as well as their two-dimensional cross-sections. This made it possible to 
visually present the results of the laboratory experimental studies and analyse the influence of individual 

factors and their interaction on the optimisation parameter, i.e. T = f (n, h, R). 

Fig. 3 shows the response surfaces of the torque on the drive shaft during transportation by a flexible 

screw conveyor and their two-dimensional cross-sections as a function of two variable factors xi (1,2) at a 

constant level of the corresponding third factor xi (3) = const. To examine the value of the third factor, a 

value equal to the factor’s value at the zero level was selected. 

The analysis of the regression equation shows that the dominant factor, influencing the torque, is 
the material lift height h. The radius of curvature R of the flexible screw section of the working element 

also has a significant influence on the torque. The least influential factor is the rotational speed n of the 

working element. 
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Fig. 3. Response surfaces for changes in the torque on the drive shaft during transportation by a 

flexible screw conveyor: а – T = f (n; h); b – T = f (n; R); c – T = f (h; R) 

When the material lift height h varies within the range of 1-3 m, the torque increases by 18%; when 

the radius of curvature of the screw R varies within the range of 0.3-1.5 m, the torque increases by 14%, 
and when the rotational speed of the working element n varies from 300 rpm to 700 rpm, the torque 

increases by 10.5%. 

Conclusions 

1. This article presents the design diagram of a newly developed experimental flexible screw conveyor 

system, which enables the study of the transportation of bulk material along curved paths for the 
disposal of loose, contaminated soil, excavated from the center of a crater formed by explosions. 

When transporting the excavated contaminated soil, it is recommended to use the developed design 

of a flexible sectional screw conveyor. 

2. A methodology has been developed for conducting experimental studies of a screw conveyor with 
a flexible sectional screw. 

3. A multi-factor experiment was conducted to investigate the influence of the screw rotation speed, 

the lifting height of the cleared soil, and the radius of curvature of the flexible screw-type sectional 
working body on the torque value. 

4. From an analysis of the regression equation presented, it has been established that the dominant 

factor influencing the magnitude of the torque is the lifting height of the material h. The radius of 
the curvature R of the flexible screw-type sectional working element also has a significant impact 

on the variation in torque. 

5. The least influential factor is the rotational speed n of the working body. When the material lift 

height h varies within the range of 1-3 m, the torque increases by 18%; when the radius of curvature 
of the screw R varies within the range of 0.3-1.5 m, the torque increases by 14%; and within the 

a) b) 

c) 
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range of the rotational speed n of the working element from 300 rpm to 700 rpm, the torque value 

increases by 10.5%. 
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