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SUMMARY

The paper suggests a method for generating current and forecast soil trafficability maps, including
those for inaccessible areas. Trafficability is defined according to the indicator used in the USA and
most European countries, namely the soil rated cone index. For its calculation, a well-known
empirical model that takes into account soil moisture and soil type according to the USCS soil
classification system is used. In order to be able to implement the suggested model, according to the
data of the SoilGrids global digital soil mapping system the authors using QGIS developed their own
USDA and USCS soil maps of Ukraine. Fragments of the received maps are given in the paper. As
the source of data on current and forecast soil moisture the Open-Meteo weather service was chosen.
To implement the suggested method a QGIS plug-in was developed. The plug-in calculates maps of
soil rated cone indices on the basis of the developed soil maps of Ukraine and downloaded soil
moisture data. The paper provides an example of such a map.
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Introduction

Knowing soil trafficability is not only important for planning tillage and harvesting (Carranza et al.,
2019), but it also provides for national emergency preparedness, as helps arranging emergency rescue
paths in road-free environment (Xu et al., 2022), thus supporting emergency and disaster response.

In the USA and majority of European countries, soil trafficability is determined by the soil cone index
that is a measure of the effort required to penetrate a conical probe (the so-called soil penetrometer)
into the soil to a certain depth (Wong, 2010). In order to account for repeated loads caused by the
sequential action of a vehicle's several wheels or tracks that change physical and mechanical
properties of the soil the notion of rated (rating) cone index (RCI) is used (Mason & Baylot, 2016;
Pundir & Garg, 2022).

Recently published works, e.g. (Nash et al., 2022; Borkowska & Pokonieczny, 2021; Sion, Shoop & et
McDonald, 2022; Pundir & Garg, 2022) are mainly aimed at determining the current trafficability of
soils, while the predicted values are of greater interest. The aim of this work was to develop a method
which could be used to generate predicted trafficability maps, including those for inaccessible areas.

Method and Theory

The soil RCI depends mainly on the soil texture and moisture content. For the time being the most
accurate model that describes this dependence is (Mason & Baylot, 2016, Pundir & Garg, 2022):

RCI:exp(a’+b'-ln[WVp—WD, (1)
Ps

where a’, b’ — coefficients defined by the soil type according to the Unified Soil Classification
System (USCS) (Table 1); Wy, — volumetric water content; py — water density; pg — soil density.

Table 1 Groups of soils according to the USCS classification and a' and b’ coefficients.

Group Description a b’ Group Description a b’
SW | well-graded sand 3,987 | 0,815 CL | clay 15,506 | -3,530
SP | poorly graded sand | 3,987 | 0,815 ML | silt 11,936 | -2,407
SM | silty sand 12,542 | -2,955 MH | inorganic silt 23,641 | -5,191
SC clayey sand 12,542 | -2,955 CH | inorganic clay 13,686 | -2,705

organic silt and organic silt and clay
OL | lay (low plasticity) | 1207 | 328 | OH 1 ioh Dlasticity) 12,189 -1,942

Having information about the current (predicted) soil moisture, soil type according to the USCS
system and soil density it is possible to determine current (predicted) soil RCI.

Forecasting soil moisture is not a trivial task. In the upper horizons of the soil body the moisture
changes depending on the season and weather (precipitation intensity, air temperature and humidity,
wind speed, etc. observed during the last time). In the lower horizons humidity is quite stable, but it
depends on the level of the aquifer, the density and porosity of the soil itself. Therefore, to determine
the current or predicted soil moisture it was decided to use the information provided by weather
forecast services, for example, to download data from the Open-Meteo service (Official site of Open-
Meteo application programming interface), which provides free access to archived, current and
forecast data about weather (temperature, precipitation, wind, etc.) and the environment (primarily,
volumetric soil moisture) all over the world with a resolution of 1 km to 11 km.
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As to the soil types, maps of soils classified according to the USCS system are almost not available in
the public domain and are developed mainly for the territory of the United States. The authors of the
suggested paper failed to find appropriate maps for Ukraine, so had to generate them themselves.

Currently, digital soil maps with the best resolution (250 m) are provided by the SoilGrids system
(Official site of SoilGrids system). SoilGrids is a global digital soil mapping system that provides free
data on soil types according to the World Reference Base and on basic soil properties, including the
weight of sand, silt, clay particles per 1 kg of soil, the weight of coarse fragments and soil density.

The SoilGrids system does not provide data about soil types according to the USCS classification
system. However, on the basis of the maps of the weight of sand, silt, and clay particles, soils can be
classified according to the other popular classification system, namely the US Department of
Agriculture (USDA) system. The USDA system is based exclusively on distribution of soil particles
sizes. It divides soils depending on the percentage composition of sand, silt and clay into 12 main
types and is visually represented in the form of the Ferret triangle (USDA triangle chart) (Figure 1).

90c0s30°
80c0s30°
70c0s30°
60c0s30°

50c0s30°

40c0s30°

/clay N
AR BN

loam ™/
VVV$

20 30 40
100 9 &8 70 60 50 40 30 20 10 O

30c0s30°

20c0s30°

10c0s30°

% sand

Figure 1 Determining the soil type using the Ferret triangle.

The sides of the triangle are the axes, each of which represents the percentage of sand, silt, and clay
that make up the soil, with the sum at any point on the triangle equalling 100%. To determine the type
of soil, it is necessary to draw lines parallel to the adjacent counter clockwise sides from the
corresponding points on the sides of the triangle, and find the point of intersection of these lines.

Maps of the weight of sand, silt and clay particles distribution and a map of the soil density
distribution were loaded from SoilGrids. To create a USDA soil map, it was necessary to match each
map point that has some combination of values e.g. {%ganq,%clay} With the area of the Ferret

triangle. This process was automated using QGIS tools. For Ox and Oy axes the axes of sand and clay

were assumed. The maps of sand and clay, as well as the Ferret triangle, were preliminarily converted
to a rectangular coordinate system. The problem of determining whether a point falls into a particular
region of the triangle was solved by the ray tracing method. The USDA soil map was converted into
USCS soil map according to the table suggested in (Zakikhani, Gidley, & Tingle, 2017).

To implement the suggested method and theory a QGIS plug-in was developed.
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Results

Fragments of the received soil maps of Ukraine according to the USDA and USCS classifications are
shown in Figure 2.
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Figure 2 Soil maps of central Ukraine according to USDA (left) ma USCS (right) classifications.

Based on the USCS soil map, according to (1), coefficients of Table 1 and soil moisture data obtained
from the Open-Meteo service, a map of the soil RCI can be calculated by means of the developed
QGIS plug-in. An example of such a map as of 8:00 a.m. on February 24, 2025 is shown in Figure 3.
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Figure 3 Soil RCI for central Ukraine as of 08:00 24/02/2025.

To determine whether a vehicle should pass over the soil, the vehicle cone index (VCI) is calculated
according to known calculation models. The VCI is the minimum cone index that the soil must have
in order for the given vehicle to be able to pass through it a given number of times, usually once
(VCI 1) or 50 times (VCI 50) (Wong, 2010).
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Conclusions

The paper suggests a method that can be used to determine soil trafficability on the basis of the data
obtained from weather services. The method allows generating maps of both current and predicted
trafficability, including those for inaccessible areas. To be able to apply the suggested method, the
authors had to develop maps of soils of Ukraine, classified according to the USDA and USCS
classification systems. This process was automated using QGIS. The received maps are shown in
Figure 2. As a source of data on current and forecasted soil moisture, the Open-Meteo weather service
was chosen. This service provides access to archival, current and forecasted data with a resolution of
lkm to 11km. The developed QGIS plug-in that implements the suggested method of RCI
calculation allows obtaining trafficability maps. An example of such a map as of 8:00 24/02/2025 is
shown in Figure 3.
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