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Abstract. Analysis of the conditions of movement of mobile robotic complexes showed that about 

70% of the time of movement is made up of sand, gravel and sandy areas. In winter, it is covered 

with snow. An unsolved problem is the traffic conditions during the transition period, namely, 

movement on snow-sandy support bases. This paper is devoted to the study of road and soil 

foundations, i.e. mixed surfaces consisting of sand and snow. A method for obtaining mixed 

surfaces (mixtures) with different percentages is described. It is shown how the measurements of the 

density and fractional composition of the sand were carried out. It also shows how the snow density 

was measured. Examples of test fragments are given. A test procedure for measurement of 

deformation properties is presented. "Load-deformation" curves are provided. The study reveals 

how the sand and snow percentage affects the curve behaviour. Dependencies are given to describe 

the process "load - deformation" for sand and snow. The dependence of the mixtures is proposed. 

The generalized dependence includes the dependences of Goryachkin - Letoshnev and Malygin. 

This paper also specifies the curve behaviour for an undisturbed road and soil foundation, and a 

surface exposed to an operating mover or a utility vehicle. It is shown that for mixtures of various 

compositions for an intact surface and under repeated loading, the difference in stresses is from 1.25 

to 5 times. 

1 Introduction  

A previous study devoted to the motion and operating 

conditions of mobile robotic complexes (MRC) (Figures 

1, 2) in coastal zones [1-7] revealed typical support 

surfaces, or foundations [8, 9]. According to the 

research, around 70% of coastal zone foundations are 

sand-gravel and sandy soils. In winter, MRC travels on 

snow.  

 

Fig. 1. Mobile robotic complexes with the caterpillar-modular 

mover 

 

Fig. 2. Mobile robotic complexes with the wheel mover 

A comprehensive study of special chassis can be 

found in the works of Nizhny Novgorod Scientific and 

Practical School of Transport Snow Science. It is yet 

unclear how MRC mobility is affected in spring, when 

support surfaces turn into mineral and icy disperse 

mixtures with layered structure. To be more specific, 

first chassis comes into contact with an undisturbed 

support surface, and then the mover interacts with the 

damaged surface. There are only few scientific papers 

presenting mixed surfaces as a mixture of soil and snow. 

Thus, it is important to address this issue in detail. 
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2 Analysis of approaches to solving the 
problem 

Different authors define mixed surfaces in different 

ways. The simplest definition is a combination of 

homogeneous areas with different physical and 

mechanical properties. Such approach is widely used in 

software simulations [10, 11]. A mixed surface is defined 

as a combination of «squares» with different traction and 

resistance properties. See Figure 3.  

 

Fig. 3. Support surface as a combination of «squares» with 

different traction and resistance properties.  

The most justified approach is presented in articles of 

Professor V.V. Belyakov, which define a mixed surface 

exactly as a mixture of sand and snow in different 

proportions, and include load–deformation curves. An 

example is displayed in Figure 4. 

 

Fig. 4. Load-deformation diagram for mineral and snow mixed 

surfaces with 1   0,1; 2   0,5; 3   0,9 concentration ratios. 

3 Experimental research 

The object of the study was sand with the average 

density of 1.36 g/cm2 and snow with the average density 

of 0.37 g/cm2.  

The density of sand was determined by weighing 

dimensional samples, similar to the method from [9]. 

The fractional composition of the sand was also 

determined by sieving through sieves of different sizes. 

A fragment of the measurement is shown in Figure 5. 

 

Fig. 5. Sifting sand through sieves of different sizes. 

Table 1 shows the fractional composition of sand.  

Table 1. Fractional composition of sand. 

Sand size, mm 
Relative percentage by weight 

in the total volume,% 

up to 2 4 

from 2 to 1 3 

from 1 to 0.75 12 

from 0.75 to 0.25 62 

from 0.25 to 0.1 18 

less than 0.1 1 

The density of snow for the preparation of mixtures was 

determined by weighing the measured volume of snow 

using a VS-43 device. A fragment of the measurement is 

shown in Figure 6. 
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Fig. 6. Weighing the measured volume of snow using the VS-

43 device. 

Mixing and measurement temperatures were set at a 

certain value to prevent the snow from melting. Special 

measuring jars were filled with sand-and-snow mixtures 

in the following proportions: 

“Mixture - 0” - 100% snow; 

“Mixture - 25” - 75% snow, 25% sand; 

“Mixture - 50” - 50% snow, 50% sand; 

“Mixture - 75” - 25% snow, 75% sand; 

“Mixture - 100” - 100% sand. 

Basically, “Mixture - 0” has only snow properties, 

and “Mixture - 100” has only sand properties. Figure 7 

displays examples of measuring jars filled with mixtures. 

 

Fig. 7. Premade ”Mixture-25”. 

Load-deformation properties were measured according 

to the scheme presented in Figure 8. The numbers in the 

scheme:  1 – loader, 2 – load meter, 3 – deformation 

meter, 4 – attachment, 5 – mixture, 6 – measuring jar. 

 

Fig. 8. Measurement scheme. 

Figure 9 shows a sample of mixture measurement. 

 

Fig. 9. Experiment. 
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4 Results 

Experimental research allowed one to obtain new data. 

Each measurement was based on 50-80 points depending 

on the soil (mixture) hardness. Each curve was obtained 

basing on 5 measurements on average. A sample of the 

data obtained for one measurement is shown in Figure 

10. Y-axis represents resistance force (deformation 

indicator positions), while X-axis represents deformation 

(soil penetration). 

 

Fig. 10. A sample of per-unit load-deformation measurements. 

The data obtained shows that experimental research 

conforms to the theory. Figure 11 presents average 

values for 5 types of mixtures. 

 

Fig. 11. A sample of per-unit load-deformation measurements 

The X-axis demonstrates soil penetration, while the Y-

axis displays dynamometer deformation, which will be 

further used to evaluate the force in the contact area, and 

basic soil parameters for the calculations. 

Analysis of the graphs obtained in Figures 2 and 5 

shows that the studies carried out confirm the theoretical 

model of Professor V.V. Belyakov. Figure 12 shows that 

the nature of the theoretical and experimental curves is 

the same. 

 

Fig. 12. Theoretical and experimental curves 

Analytical dependencies for calculating the studied 

parameters look as follows: 

- penetration force � = �� �,    (1) 

- load � = ���,      (2) 

where ��, ��,– empirical coefficients. 

The form of the graphs showed that the Goryachkin - 

Letoshnev dependence can be used to describe the load- 

deformation curve for sand [12-14]: 

� = 	 ℎ�,     (3) 

where с and 
 – soil constants. 

For snow, the dependence from the «Nizhny 

Novgorod Scientific and Practical School of Transport 

Snow Science» will be valid [15, 16]: 

� = �ℎ�1 − ℎ ℎ����� ���,  (4) 
where � – load on the stamp, ℎ – deformation, � –

coefficient of initial stiffness of snow, which 

characterizes the resistivity of snow to compression, is 

the coefficient of stiffness at the initial stage of 

deformation; ℎ��� = ℎ������ – coefficient 

characterizing the amount of snow deformation at 

pressures corresponding to maximum compaction 

depends on � – height of snow cover. In more detail, the 
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parameters included in dependence (4) are presented in 

[15, 16] 

The most common case that combines dependences 

(3) and (4) is the dependence proposed by [17]: 

� =  	���� ℎ��� �   (5) 

where 	���� = ��!�"#$%&'� � + �, 
���� = )�� + *�, 

)� = −)��+ + *��, )��, *��, *�, ��, �, – empirical 

coefficients, + – snow density. 

In the general case, the dependence for determining 

"load-deformation" can be represented as: 

� =  -сг�с�ℎ� + -гс�г�ℎ�,    (6) 

where �с�ℎ� and �г�ℎ� – dependencies (3) and (4 or 5), 

-сг, -сг – coefficients taking into account the influence 

of snow and soil components, depending on the 

concentration of each of the components -сг = -сг�/0�, 

-гс = -гс�/г�, /0 + /г = 1 (see Table 2). 

Table 2. Parameters of snow-sand mixtures. 

Title 
Snow to 

sand ratio 
Coeff. 12 Coeff. 1г 

Mixture-0 1/0 1 0 

Mixture-25 3/1 0.75 0.25 

Mixture-50 1/1 0.5 0.5 

Mixture-75 1/3 0.25 0.75 

Mixture-100 0/1 0 1 

Experimental studies have shown that the nature of 

the support surface has a significant effect on the 

deformation of mixes. In this case, the undisturbed and 

destroyed support surface is deformed in different ways, 

depending on the percentage composition of snow and 

sand. For the measurements, it was found that for 

«mixed-0» the difference is up to 5 times, for «mixed-

25» - 2 times, for «mixed-50» - 3 times, for «mixed-75» 

- 2 times, for «Mixed-100» - 1.25 times. Figure 13 

shows an example of how the «load-deformation» 

relationship changes for an undisturbed and destroyed 

support surface for a «mixed-75». 

Thus, dependencies were obtained for calculating 

«load-deformation» for snow-sand mixtures. In the 

future, work will be carried out to clarify the parameters 

of the influence of the snow and soil components 

included in dependence (4). 

It is also necessary to know how the ratio of snow 

and sand in the mixture affects the traction of the mover 

with the road. 

 

 

Fig. 13. Theoretical and experimental curves 

The dependences for calculating the resistance and 

friction forces are determined based on the stresses 

arising in the contact zone of the mover with the road, 

with subsequent integration over the contact area:  

34 = * 5 ��ℎ�6ℎ
$г

7
, 

38 = * 9 :6ℎ; <,  

where *, ℎг – track width and depth, < – contact area of 

the mover with the road [12, 18, 19].  

Design schemes similar to studies (1 and 2), for 

MRC with tracked-modular (see Figure 1) and wheeled 

(see Figure 2) mover are shown in Figure 14. 

 

 

Fig. 14. Design schemes for the interaction of the tracked-

modular  and wheeled mover with the ground 
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5 Conclusions and future work 

This study allowed one to establish basic road-and-soil 

conditions for MRC mobility. Mixed surfaces present a 

lot of research opportunities. An experimental method 

has been developed to create a load-deformation curve, 

the preparation of snow-sand mixtures for the 

experiment to obtain the curve «load – deformation». 

Samples of the data obtained as part of the research 

are provided. 

Dependencies for calculating the deformation of sand 

and snow are given. A new dependence is proposed for 

calculating the parameters of snow-sand mixtures. 

The research shows that frozen soil has a 

considerable impact on the penetration resistance force. 

Depending on the mixture type, penetration resistance 

values for an undisturbed road and soil surface several 

times more than for the surface exposed to an operating 

mover or a utility vehicle. 

Schemes and dependencies are given for calculating 

the forces of resistance and friction for tracked-modular 

and wheeled propellers. 

All data will be further processed, and mathematical 

functions will be obtained to describe the deformation 

process of the mixed surface. Also, simulation will be 

performed to evaluate the MRC mobility on the road and 

soil surfaces. 
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