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Abstract: Current soil and surface data are not detailed enough to obtain accurate analyses of cross-
country movement. The reason for the research presented in this article was the absence of a meth-
odology for the synthetic assessment of the influence of the terrain surface on the movement of
military vehicles. The study is based on analyses of data and information sources of soils and surface
conditions primarily with the aim to determine their reliability, availability and precision when
used for analyses of terrain traversability by off-road vehicles. The key method to achieve the set
objective is the employment of tractive charts of military vehicles and utilized coefficients, the coef-
ficient of rolling resistance and the coefficient of adhesion. Input data and information is tested with
a comparative method of cross-country movement analyses. Conversion of soil and surface types to
tractive chart coefficients is currently not optimal. For the most part, evaluation of soil type is very
inaccurate with a wide range of possible values. Results of the analysis propose developing a meth-
odology of evaluating surface and soils for vehicle traversability.
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1. Introduction

The form and results of terrain analyses rely significantly on the quality of the input
databases used. Digital elevation models covering information of slope gradient are a re-
liable global source of data. Characteristics of surface and soil information are a less accu-
rate data source with limited availability. Nevertheless, this kind of information is key for
detailed analysis of cross-country movement (CCM). The research focuses on determina-
tion of accuracy, availability and overall quality of soil and surface cover data and infor-
mation, and testing of the detail and suitability of the current and most frequently em-
ployed methods of information processing for CCM analyses. Terrain trafficability anal-
yses are based on mathematical and physical models evaluating the influence of the ter-
rain surface on the movement of off-road vehicles. There is a great amount of literature
focused on evaluating the movement possibilities of military, rescue, forestry, agricul-
tural, space or special unmanned ground vehicles (UGVs). Terrain trafficability models
for military applications are the focus of research activities of selected military institu-
tions.

The U.S. Army Engineer Research and Development Center (ERDC) has a long his-
tory of developing the North Atlantic Treaty Organization (NATO) Reference Mobility
Model. Ahlvin and Haley [1] in the “NATO reference mobility model” (NRMM) described
the calculation of the influence of individual factors on the movement of military vehicles.
Procedural Guide for Preparation of Cross-Country Movement analysis is described in
Reference [2], and Shoop [3] and Shoop et al. [4,5] characterize individual elements of the
terrain in terms of determining the possibility of movement of off-road vehicles. Baylot et
al. describe the standards for ground vehicle mobility in Reference [6]. The operational
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forecasts model of trafficability is described by Mason et al. [7]. Frankenstein and Koenig
analyze soil compaction during the annual seasons in Reference [8]. In relation to the
above publications, the study presented in this article represents another possibility of
how to include, in the complex model of mobility of off-road vehicles, the joint influence
of slope inclination and resistance of movement given by soil types.

The Next-Generation NATO Reference Mobility Model (NG-NRMM) development
is published in Bradbury et al. [9]. Particularly, the last-mentioned publication was used
in the current research as it utilizes the same mechanism of CCM analysis, which is based
on tractive charts and their coefficients.

Models of terrain trafficability by military vehicles are also the subject of research
conducted at the University of Defense in Brno. A variety of publications and studies at
the university served as a basis for the research conducted in this article. Rybansky ana-
lyzed the impact of geographical factors on cross-country movement in References [10-
23]. Among other factors, these publications describe in detail the calculation of traction
forces required to overcome the slopes of the terrain. There is also the calculation of the
limit longitudinal and transverse slopes of the slope for overturning and sliding vehicles
when moving in rugged terrain. Hubacek et al. described the soil measurement in the
Czech Republic in terms of trafficability in Reference [24]. Talhofer et al. analyzed the in-
fluence of spatial database quality on modelling of vehicle movement in terrain in Refer-
ences [25,26]. These analyses are not based on traction curves and terrain resistance coef-
ficients but instead use the results of correlation relationships between the slope and ve-
hicle speed measured during physical field testing of vehicles to calculate vehicle decel-
eration. In Reference [27], Nohel et al. deal with the calculation of the shortest off-road
vehicle route. The theory of vehicle motion based on traction curves is described by Vala
and Braun in Reference [28] and Vala and Zalud in Reference [29]. The evaluation of dy-
namics of vehicle movement in terrain is published by Hlavacek in Reference [30]. Hu-
bacek et al. and Mertova deal with the modelling of geographic and meteorological effects
on vehicle movement focusing on soil conditions and penetrometry in References [31-34].
Dohnal et al. calculate the influence of microrelief shapes on the maneuverability of ter-
rain vehicles in Reference [35]. Hofmann et al. [36] deal with the creation of cross-country
movement maps using vehicle deceleration coefficients due to terrain elements. Hoskova-
Mayerova et al. analyzed the influence of weighting geographical factors on the results of
multicriteria analysis in solving spatial analyses [37]. Stodola et al. proposed the novel
hybrid metaheuristic algorithm for the Dynamic Travelling Salesman Problem (DTSP) in
Reference [38]. The methods described in this article follow-up on the above studies and
further extend them to cartographic analyses, and images, of how terrain limits the move-
ment of selected vehicles.

Other possible approaches for analysis of traversability, not directly utilized in this
article, are described in the following papers. Studies dealing with the automatic creation
of cross-country movement maps are published by Pokonieczny [39,40] or Pokonieczny
and Rybansky [41]. HeStera and Pahernik described the physical-geographic factors of
terrain trafficability of military vehicles according to Western World methodologies in
Reference [42]. Ciobotaru suggests the semi-empiric algorithm for assessment of the vehi-
cle mobility in Reference [43]. Vantsevich et al. focus on the technical aspects of terrain
vehicles and their mobility estimation in Reference [44]. An overview of terra-mechanical
models analyzing the influence of soils on the movement of off-road vehicles is summa-
rized by He et al. [45].

Other publications which were not specifically used in this study, but bring interest-
ing conclusions, focus on analysis of mobile robots’ navigation, and autonomous vehicles’
terrain traversability and three-dimensional (3D) traversability. Such studies include
lagnemma and Dubowsky [46], Halatci et al. [47] and Reina et al. [48], focused on plane-
tary rovers’ motion planning in rough terrain. Reina et al. describe the possibilities of us-
ing the trinocular stereovision for ground detection in agriculture in Reference [49]. Bel-
lone et al. analyze the 3D traversability awareness for rough terrain mobile robots [50].
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Braun et al. [51] describe the visual terrain traversability estimation using a combined
slope/elevation model. The entire body of research on the cross-country movement topic
is solicited by the Grand Challenge, which was launched by the Defense Advanced Re-
search Projects Agency (DARPA) in 2003 to spur innovation in UGV navigation. The goal
of the challenge was to develop an autonomous robot capable of traversing unrehearsed
off-road terrain. An example of a publication created with the support of DARPA is Thurn
et al. [52].

The terrain passability model described in this article is based on the study of the
mutual influence of terrain slope and soil characteristics on the movement of selected mil-
itary off-road vehicles. The analysis presented in this article primarily utilizes the key
findings of the papers of Vala and Braun [28], Rybansky [10-23], Hlavacek [30] and Brad-
bury et al. [9]. Analysis of both soil databases and surface information is performed by the
testing of tractive charts of various wheeled and tracked vehicles and comparing the re-
sults of cross-country movement analysis. The proposed changes of methodology and
data processing may significantly improve results of analyses of a vehicle’s traversability.

2. Methodology

The studies presented in the introduction of the article are mostly focused on the
influence of particular terrain factors on the analysis of off-road vehicles’ movement. This
is mainly the influence of the selected geographical objects: terrain, soils, water, vegeta-
tion, or meteorological conditions. The methodology described in this article enables the
assessment of the synthetic influence of terrain slopes, and soil properties, on the move-
ment of military vehicles using available data from geographical databases. The validity
of this methodology is also reinforced in its outputs, in the form of terrain traversability
maps, or direct inputs to the navigation systems of military vehicles. Accuracy and relia-
bility of source data and information are defined with a comparison of results of cross-
country movement analyses, in other words, a comparison of resulting passable and im-
passable areas for different surface conditions.

The consecutive steps of the utilized methodology in the study are as follows (and
displayed in Figure 1):

e Study of soil and surface cover databases and information, utilizing their parameters.

e Preparation of tractive charts of vehicles, including the determination of different co-
efficients of adhesion and coefficients of rolling resistance for various possible surface
conditions in the selected area, Bacetin, gathered from the databases.

e Calculation of the maximum gradient for each selected vehicle for different surface
conditions.

e Calculation of CCM analyses for different conditions—a map analysis (both best- and
worst-case scenario).

e Determination of the influence of soil databases and surface information accuracy to
the results of CCM analyses—a diagram analysis (a comparison of the results for each
database).

o8
Analyses Preparation Calculation of CCcM Conclusion
of soil databases of tractive charts maximum gradient map analysis Diagram analysis

Figure 1. Flow chart of the study methodology.

2.1. Selection of the Testing Area

The first matter to solve during the research was choosing a representative location
at which the findings would be verified. The area selected for analysis of data with tractive
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charts is a forest situated in the Eastern Bohemia near the town Dobruska. This location
was selected due to complete availability of all required databases. Additionally, the area
displays both the structure and placement suitability for all types of terrain analyses. It
represents a sample of landscape and surface cover which is primarily within the Czech
Republic, it is an undulating landscape partially covered with forestry of a primarily co-
niferous nature. The locality (coordinates 50.307 N, 16.217 E), Bacetin forest, is situated in
North-East Czech Republic, its size is 2.5 x 1.5 km. It is a plateau split into two distinct
parts: the southern extent predominantly consists of a sandy-clayey soil type with a mean
slope gradient of 5.2 °, while the northern extent of the forest is formed along a narrow
valley, with primarily alluvial soil and a mean slope gradient of 11.7°. These soils and
gradients are prevailing in the Czech Republic.

2.2. Selection of Military Vehicles for Testing

The second goal was to identify a balanced sample of military vehicles with division
to wheeled and tracked types. The final selection consisted of personnel wheeled vehicle
Land Rover Defender 110 (LRD 110), wheeled truck Tatra 815 (T815 6 x 6 drive) and an
infantry armored tracked vehicle Bojové vozidlo péchoty 2 (BVP-2). The technical param-
eters of these vehicles are given in Table 1. Each of these vehicles have distinct character-
istics and driving performance. Testing of vehicle features was not conducted in the ter-
rain and leans only on theoretical analysis. Local conditions were verified during site sur-
veys in the area Bacetin.

Table 1. Technical parameters of selected vehicles.

Vehicle LRD 110 T815 6x6 BVP-2
Length (mm) 4680 9650 6735
Width (mm) 1800 2545 2975
Height (mm) 2100 3370 2060
Total weight (kg) 3500 15,000 13,000
Max. speed (kph) 130 85 65
Engine power (kW) 83 270 220
Max. adhesive force (kN) 28 225 117
Climbability (°) 30 30 35

2.3. Forces Affecting Movement of Vehicles

As one of the most used analyses within military geography, the analysis of CCM
first requires the accurate establishment of surface conditions. In order to do that, all major
forces which influence movement of vehicles over terrain have to be defined. The basis of
a drive is the tractive force, which defines the speed and the ability of a vehicle to move
over terrain [30]. Counter forces for the tractive force represent conditions of the surface
which is often contained as characteristics within databases. Major counter forces are the
rolling resistance and the resistance of slope gradient. Counter forces are analyzed in de-
tail in Reference [28]. The last individual composition of movement is the adhesive force.
It determines a limit of slipping in connection with a state of surface and a slope gradient.
All these forces and surface data have been tested on tractive charts of selected vehicles.
Each force is defined mainly with a coefficient: the coefficient of adhesion and the coeffi-
cient of rolling resistance. The research focuses on comparing the accuracy of these coef-
ficients to the results of CCM analyses. The tractive chart method is innovative due to its
clear map and diagrammatic depiction of possible range of outputs of CCM analyses. The
range is set when using basic accuracy (maximum and minimum value) of coefficient of
adhesion and the coefficient of rolling resistance.
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2.4. Coefficient of Deceleration by Effect of Soil Factor

The coefficient of deceleration by effect of soil factor (marked Cs), albeit not directly
incorporated into tractive chart formulas, has its own influence on CCM, mainly repre-
sented by speed corrections. Analysis of this coefficient was not one of the initial goals.
For the purpose of the study, quality of the surface (soil Csi, vegetation cover Cs and
roughness Cs3) had to be ascertained. The Defense Mapping Agency (DMA) method, de-
scribed in the Procedural Guide for Preparation of DMA Cross-Country Movement Over-
lays [2], was selected as the appropriate method for evaluation of Ca1 coefficient. The other
two coefficients have been determined as a combination of a vector data study and a site
survey of surface in the selected area. Their basic values are described in Reference [10].
The DMA method, with coefficient Cs, shows how insufficient surface information and
databases are when used for detailed CCM analysis in small-scale areas, such as the stud-
ied one.

3. Theoretical Basis and Processing of Data
3.1. Definition of the Most Influential Forces Acting on the Movement of a Vehicle
3.1.1. Tractive Force

The tractive force is calculated using technical parameters of a vehicle. It can also be
defined as in Formula (1), where tractive force is equal to the sum of the forces of resistance
[30]:

Fr =F; +F,+F; + F, + Fy [N] (1)

where Fris the rolling resistance, F; is the resistance of gradient, Fi is the inertia resistance,
F» is the resistance of air and Fr is the resistance of a trailer. Formula (1) determines the
minimum tractive force required for a vehicle to start moving [30]. The inertia resistance,
the resistance of air and the resistance of a trailer can be omitted due to their insignificant
influence. The rolling resistance and the resistance of slope gradient represent major com-
ponents of resistance forces. Along with the adhesive force, they are the most important
parts of the study. It is, for the most part, the analysis of the influence of the coefficient of
rolling resistance and the coefficient of adhesion on a tractive chart, and hence it indirectly
influences the outputs of CCM analyses.

3.1.2. Rolling Resistance

The coefficient of rolling resistance represents quality of surface (e.g., firm or muddy)
and differs for wheeled and tracked vehicles [30]. Formula (2) shows calculation of the
rolling resistance:

Fr = Gf cosa [N] (2

where G is the gravitation force of a vehicle, fis the coefficient of rolling resistance and «
is the longitudinal gradient. The specific table values of coefficient f are presented, for
example, in Reference [14].

3.1.3. Resistance of Gradient

The resistance of longitudinal gradient has a direct influence on what extent of slope
gradient a vehicle can overcome. It is calculated with Formula (3):

F, = Gsina [N] 3)

3.1.4. Adhesive Force

The maximum tractive force Frmax is limited by the adhesive force Fu, Frmax = Fat. The
adhesive force is calculated with Formula (4):

Foq = Gpcosa [N] “4)

where ¢ is the coefficient of adhesion. Coefficient of adhesion varies according to a con-
struction of a tire (shape, material, etc.) and a type of tracks [19]. It differs for wheeled and
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tracked vehicles and a type of surface. The specific table values of coefficient ¢ are pub-
lished in Reference [14].

3.2. Definition of Coefficient of Deceleration by Effect of Soil Factor

The second method to conduct CCM analysis is with coefficient of deceleration. The
coefficient of deceleration by effect of soil factor is calculated as a combination of three
different factors [10]:

3
C, = HC3i,i =123 )
i=1

where Cs is the coefficient of deceleration by effect of soil factor, Ca: is the coefficient of
deceleration by effect of soil type (sort) factor, Ca: is the coefficient of deceleration by effect
of factor of vegetation cover (sort of plants) and Css is the coefficient of deceleration by
effect of surface roughness factor.

The coefficient of deceleration has a direct influence on speed of a vehicle. If the co-
efficient equals 1, the vehicle continues with unchanged speed. If the coefficient equals 0,
the vehicle stops at the analyzed section. The vehicle is slowed down when the coefficient
is in the range from 0 to 1. The resulting reduced speed of the vehicle depends on a type
and quality of surface. It can be calculated from maximum speed vmx using Formula (6):

V = Vg C3 [Mms™1] (6)

The coefficient of deceleration by effect of soil type factor (Cs1) can be determined by
two methods. The first contemplated model was the GeoSl ACR model (Geographical ser-
vice of the Armed forces of the Czech Republic). It is specified by sort of soils and condi-
tions of precipitation, though results are overly simplifying. It is based on the project
methodology of delimitation imtraversability of soils [53]. The DMA model is calculated
from technical parameters of a vehicle and also in compliance with a division of soils of
the Unitary classification of soils standardized in NATO. It classifies soils with the Rated
Cone Index [9]. It is a more detailed model than GeoSl ACR, however, with similar draw-
backs, the only precise values coming into calculation are technical parameters of vehicles.
The variables sort of soils and a level of moisture are inaccurate and can take a wide range
of values. Thus, accuracy of methods used in the analysis is of the same importance as
accuracy of input data. Overall, the highest level of uncertainty resides in determination
of moisture of soil. Output coefficients of both methods were tested in the study to analyze
the impact of their accuracy to results of CCM analysis.

Both the coefficient of deceleration by effect of factor of vegetation cover, and the
coefficient of deceleration by effect of surface roughness factor, are determined by expert
evaluation from basic information in vector databases and from further verification of the
terrain [30]. The coefficients were assigned the same values, 0.9. Combinations of all three
surface coefficients of deceleration for different surface types located in the area Bacetin
were employed in the tractive chart analysis (included in comparison in Table 2).

3.3. Processing of Database of Soils

The fundamental source of all covering detailed soil data in the Czech Republic is the
map of soils, in scale 1:50,000, managed by the Czech geological service. The region of
Eastern Bohemia is covered with a set of raster maps based on mapping produced in the
1950s. This data is provided directly as the Web Map Service online. In a comparison with
vector data (newer mapping covering other parts of the Czech Republic), raster data has
lower accuracy. Another available source of information is The Special Purpose Database
of Soils. This database utilizes synthetic map of soils 1:200,000. It consists of a dominant
component of a soil type and attached characteristics of granulometric composition [54].
The database is further described and analyzed in Reference [10].

Databases of soils study can be found in Reference [34]. The map of soils in scale
1:50,000 is the basis for determination of a soil type used in terrain analyses. The database
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is relatively outdated, most of the characteristics were captured 60 years ago. Nonetheless,
due to the fact that these features are in most part invariable, the state of the database still
fits to conditions in the terrain. Figure 2a, b depicts the influence of a lower resolution of
raster data in the area Bacetin selected for testing. Actual positions, in comparison with
the data, have shifted in some cases by more than 50 meters. The second studied soil da-
tabase, The Special Purpose Database of Soils, was rated as significantly generalizing in
comparison with the Map of soils 1:50,000. Even though it comprises the soil type/granu-
lometric composition conversion, it still lacks in detail, accuracy and, in some cases, relia-
bility [32]. The map of soils 1:50,000 was designated as more suitable for further analyses
and processing.

-

(a) (b)
Figure 2. (a). The map of soils 1:50,000 from earlier map-ping (1950s) with the selected area of test-
ing: shifted po-sition (and lower accuracy) is located near the stream and at the boundary of the
forest (e.g., I39 soil type does not fit with the edge of the forest edited from national vector data-
bases—red line). (b). The Special Purpose Database of Soils is a generalizing soil situation in the
selected area, Bacetin.

Another drawback for precise utilization of the Map of soils 1:50,000 is a conversion
of a soil type from the Taxonomical Classification System of soils in the Czech Republic
[55] into evaluation of soils according to a granulometric composition. Not all of the pre-
sent soils were directly conversed with a unique sort of soil (granulometric composition).
Described properties of soils in the taxonomical system may lead to equivocal results dur-
ing the conversion. In consideration of a relatively small difference of characteristics of
dual output soils, range of variation could be omitted, thus, only one sort of soil was se-
lected. Most of the cases concerning this duality are clayey and clayey-sands types of soils.
All the types of soils (taxonomical classification) located in the area Bacetin are listed in
Table 2, including their conversion to a sort of soils (granulometric composition).

Table 2. The conversion list of types of soils in the Taxonomical Classification System (translated
into WRB2006 —the World Reference Base [55]) to a sort of soils according to a granulometric com-
position.

Code Type of Soils Sort of Soils (granulometric composition)
139 Albeluvisols Clayey
039 Stagnosols Clayey sands

NG6 Fluvisols Floodplain clayey
L12 Phaeozems Clayey

HA77 Cambisols Clayey sands

QH89  Calcic leptosols Sandy clay

The converted results were then used to assign values to the characteristics of surface
in the area Bacetin. Resulting values of the coefficient of deceleration, the coefficient of
rolling resistance and the coefficient of adhesion are displayed in Table 3. Input infor-
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Ft (M)

mation is comprehensive and easily accessible, nevertheless, accuracy of output coeffi-
cients is low. Elemental accuracy for Cs is set 0.1, for fis 0.05 and for ¢ is 0.1 (basic values
of distinguishable soils). Basic values of evaluated coefficients for soil and surface types
in Table 3 are taken from Reference [14].

Table 3. Resulting characteristics of the tested area Bacetin used in the analysis of cross-country
movement with tractive charts. Four sorts of soils are located in the area.

Vehicle LRD 110 T815 6x6 BVP-2
Sort of soil/Coefficient G f o GG f o GC f o
Sandy clay 079 010 0.5 044 0.10 0.5 0.81 0.15 0.7
Clayey sands 0.81 0.10 0.5 0.66 0.10 0.5 0.81 0.15 0.7
Clayey soil 073 0.10 0.5 040 0.10 0.5 0.81 0.15 0.7
Floodplain clayey soil 0.73 020 0.5 0.40 020 0.5 0.81 0.20 0.7

Other information regarding surface type, including surface vegetation cover, does
not exist in any national database, including forestry databases. Current information has
to be gathered in the terrain. The digital elevation model, fifth generation, the most de-
tailed elevation database in the Czech Republic, served as subsidiary data to verify local
slope conditions. This elevation model has elementary density of points, 1 per 1 square
meter. General characteristics of surface were acquired from national vector databases—
digital terrain model 1:25,000 [56] and ZABAGED (The Fundamental Base of Geographic
Data of the Czech Republic) [57]. These databases are the only sources of versatile infor-
mation sources that include areal surface cover. In order to reach accurate CCM analysis
results, any field data is required for soil characteristic validation and vegetation cover
analysis. This step could be improved by using satellite imagery and image processing
techniques.

3.4. Setting of Limits for Cross-Country Movement Analysis

From the perspective of CCM, the evaluated area, Bacetin, is divided into passable
(GO), hardly passable (SLOW GO) and impassable terrain (NO GO), which signifies limit
parameters for a vehicle to reach (e.g., maximum slope gradient) [10]. These values are
taken from a tractive chart. One of the charts used in the study is introduced in Figure 3.

tractive chart of vehicle BVP-2

——1RS
120000 b2, RS
——1.R5
—r, RS
100000 A S

I | X —0"

4 \ —-15

annn :

20000 \ 1,5
i\ e
y 12,5

\ 15"
60000 -17,5"
- e ek - L I 0 N Y A s
——22,5"
20000 — 27,5'
30
32,5

35"
20000 s
i Semn SH 1 I >
» - - - . i i i 425

¢ + + + + = * a5’

0
0 5 10 15 2 5 n 15 a0 45 50 55 60 65 70 vikm/h)

Figure 3. The tractive chart of the infantry armored vehicle BVP-2 used in the analysis of data and information of surface.
Source data were used from Reference [30], RS curves in the legend —a gear level, other curves—a gradient. Values are
calculated for conditions in the area Bacetin.
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The upper limit of gradient for impassable terrain displayed in Table 3 is defined
with the maximum tractive force of a vehicle for first gear. This limit value may be reduced
according to height of the adhesive force. A limit value for hardly passable terrain cannot
be directly calculated. It was determined for the purpose of the study from a point on a
tractive chart where a vehicle changes gear from second to first (also representing sizeable
loss of speed). Given the different characteristics of soils for each tested vehicle, the result-
ing values read from a tractive chart for CCM analysis are shown in Table 4. Due to a
minimum difference between sandy-clays, clayey-sands and clayey soil, further analysis
was based only on two values: the floodplain clayey soil and other sorts of soils.

Table 4. GO and SLOW GO limit slope gradients for tested vehicles in the selected area. The first
three sorts of soils were merged into one to simplify further data analysis.

LRD LRD110 T815 T815 BVP-2 BVP-2
110 SLOW NO SLOW NO SLOW
NOGO GO GO GO GO GO

CCM Maximum Slope Gradient
©)

Sandy clays 21.82 16.17  21.80 12.08 28.80 15.30
Clayey sands 21.82 16.17 21.80 12.08 28.80  15.30
Clayey soil 21.83 1621  21.80 12.08  28.81 15.31
Floodplain clayey soil 16.74 10.27 16.70 6.25 26.57 12.20

4. Results of Data Analyses

Evaluation of traversability can be processed with two methods: with the coefficient
of deceleration calculated from the DMA model or the GeoSI ACR model, analyzed in
References [9,18,24], and with the coefficient of adhesion and the coefficient of rolling re-
sistance, analyzed in References [29,30].

Both methods require a tractive chart to evaluate the maximum slope gradient and
the maximum speed which a vehicle is capable of reaching. Definitions and calculations
of CCM with these methods are studied in References [14,30]. Impact of accuracy of the
methods of analysis of traversability is described in the following sections.

4.1. Influence of Coefficient of Deceleration to Parameters of CCM

Basic accuracy of the Cs coefficient can be defined as dCs = 0.1. Assigned values of
speed calculated from the tractive charts of the vehicles representing this accuracy are
shown in Table 5. Selected basic accuracy of deceleration of the soil factor does not have
a significant influence on accuracy of a maximum reachable speed (taken conditions of
the selected area). Data with this accuracy can still be used for detailed CCM analysis. A
ratio of range of variation to overall value of speed is approximately the same, different
influence of various tested vehicles on calculated accuracy of speed was not proven. Ve-
hicle LRD 110 has higher speed range of variation due to in general higher reachable
speed. Range of variation used in Tables 4, 5 and 6 is calculated using Formula (7):

Ow; = Wimax — Wimin ()

where o is range of variation, w; is a variable (speed or gradient), w;yq, is maximum
value of the variable when using lower value of tested coefficient (Cs, f, ¢) and wp;,, is
minimum value of the variable when using upper value of tested coefficient (C3, f, ).
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Table 5. Relation of basic accuracy of the coefficient of deceleration of the soil factor dCs = 0.1 and
range of variation of maximum reachable speed and percentual ratio of range of variation of speed
to a respective maximum speed of a vehicle. The test was conducted with measurement (calcula-
tion) of parameters of a tractive chart of selected vehicles for two values, C3=0.7 and C3 = 0.8, for
two points on a tractive curve, the maximum limit value of passable terrain and maximum value
of terrain passable with restrictions. Results are calculated from conditions in the selected area
Bacetin.

Ratio of Range of Range of Vari- Ratio of Range of
Vehi- Range of Variation of Variation to Total ation of v,,,, Variation to Total

cle V. NO GO (kmh?) Vinax SLOW GO Vmax
NO GO (%) (kmh-) SLOW GO (%)
LRD
110 2.5 13.3 3.3 13.1
T815 0.9 13.3 1.6 13.7
BVP-2 0.8 12.3 1.6 13.6

4.2. Influence of the Coefficient of Adhesion to Parameters of CCM

The coefficient of adhesion has substantial impact on CCM parameters of vehicles,
the maximum slope gradient and the maximum speed. The maximum tractive force is
higher than adhesive force for all tested vehicles, so that the level of NO GO slope gradient
is set by the maximum adhesive force. Values of the test of coefficient of adhesion were
extracted to overall in Table 6, which compares the influence of basic accuracy of coeffi-
cient of adhesion d¢ = 0.1 to respective values of maximum slope gradient and maximum
speed of the selected vehicles.

Table 6. Impact of basic accuracy of coefficient of adhesion d¢ = 0.1 to range of variation of maxi-
mum gradient and maximum speed of the selected vehicles and ratio of the range of variation to
their total values. Results are calculated from conditions in the selected area, Bacetin.

Vehicle Gradient (°) Ratio (%) Speed (kmh-) Ratio (%)
LRD 110 457 17.3 29 15.2
T815 4.58 17.3 0.9 135
BVP-2 421 14.6 0.7 9.3

Accuracy of determination of the coefficient of adhesion has the greatest influence
with the vehicle LRD 110, the range of variation of maximum gradient is almost 5 degrees
of the total maximum gradient. The biggest range of variations in speed, over 50% of ab-
solute values, has T815. Greater range of variation is caused by lower reachable speed of
T815 near NO GO gradients.

4.3. Influence of the Coefficient of Rolling Resistance to Parameters of CCM

The rolling resistance has a direct influence on determination of slope gradient value. The
higher the coefficient is, the lower the gradient is reachable. Wheeled vehicles have lower
coefficient of rolling resistance than tracked vehicles for the same type of surface. Whilst
the adhesive force diminishes the reachable slope gradient of almost 10 degrees, the roll-
ing resistance attains reduction of maximum gradient of 5 degrees. Basic accuracy of the
coefficient of rolling resistance was set to 0.05. The impact of this basic resolution is incor-
porated in Table 7.

Table 7. Influence of basic accuracy of the coefficient of rolling resistance 6f= 0.05 on range of vari-
ation of maximum slope gradient and maximum speed of selected vehicles and percentual values
of the range of variation to their total values. Results are calculated from conditions in the selected
area, Bacetin.

Vehicle Gradient (°) Ratio (%) Speed (kmh-) Ratio (%)
LRD 110 2.77 17.03 0.85 4.70
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T815 2.73 19.23 0.60 25.67
BVP-2 3.01 21.40 2.85 65.90

Values of accuracy of maximum gradient for basic accuracy df = 0.05 are around 3
degrees for all tested vehicles. The coefficient of rolling resistance has a little influence on
correction of speed. Reliability of range of variation of the coefficient is lower with low
speed, e.g., ratio of range of variation of speed to absolute value of maximum speed of the
vehicle BVP-2 is 65.9%.

4.4. Overall Results of CCM Analysis

Outcomes of CCM analysis were evaluated by determining the possible range of var-
iation between the best and the worst conditions set by the coefficient of adhesion and the
coefficient of rolling resistance. Input values of f and ¢ are given by the conditions in the
selected area, Bacetin. Results in Figure 4 display the tractive force needed to overcome
the respective gradient with different values of the coefficients. Selected values represent
plausible difference of surface conditions in the studied area and it is also based on the
basic accuracy of the coefficient of adhesion and the coefficient of rolling resistance.
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Figure 4. The analysis of influence of the coefficient of adhesion and the coefficient of rolling resistance to determination
of the maximum reachable gradient for the vehicle LRD 110 in the area Bacetin. This comparison has been performed with
the implementation of three values per each coefficient. Areas created by intersection of individual curves signifies uncer-
tainty of determination of the maximum reachable gradient.

Points of intersection in Figure 4 define maximum reachable gradient for the vehicle

LRD 110. Extent of gradient values shows that inaccurate determination of characteristics

of surface has a substantial influence on capability of a vehicle to pass through a specific

section. The resulting values are as follows:

¢ The variant of the best rated traversability: f= 0.1 and ¢ = 0.7 —maximum reachable
gradient is up to 30.89° and the limit for hardly passable terrain is 16.17°.

¢ The variant of the worst rated traversability: f=0.2 and ¢ = 0.5—maximum reachable
gradient is up to 16.74° and a limit for hardly passable terrain is 10.27°. The area cal-
culated from CCM analysis is displayed in Figure 5.

¢ The variant of the best rated traversability: f=0.1 and ¢ = 0.7—GO 86.6%, SLOW GO
13.1%, NO GO 0.3%.

¢ The variant of the worst rated traversability: f=0.2 and ¢ = 0.5—GO 74.0%, SLOW GO
13.2%, NO GO 12.8%.
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The results of comparison of CCM analysis are displayed in maps in Figure 5 in the
form of raster analysis. Raster methods of vehicle mobility analysis in the terrain are also
studied in References [19,39-41].

ratio of passable area
the best rated conditions

= GO [ha]
SLOWGO [ha)
0 km 0,5 km 1,0 km = NOGO [ha]
a

ratio of passable area
the worst rated conditions

4

= 0 [ha]
SLOWGO [ha]
0 km 0,5 km 1,0 km ® NOGO [ha]
b

Figure 5. Figure (5a). The comparison of two variants of traversability in the selected area Bacetin for the vehicle LRD 110.
The analysis consists of influence of gradient and soils. This figure represents the best rated traversability conditions, f=
0.1 and ¢ = 0.7. Figure (5b). The comparison of two variants of traversability in the selected area Bacetin for the vehicle
LRD 110. This figure represents the worst rated traversability conditions, f=0.2 and ¢ = 0.5. The difference in the evaluated
impassable area shows the influence of uncertainty of surface classification. Maps of gradient were created from Digital
Elevation Model 5% generation (DEM 5G).

5. Discussion

The analysis of quality of soil databases and information about surface was per-
formed on the comparison of features of tractive charts. Reliability of the map of soils
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1:50,000 is not high but still exceeds the Special Purpose Database of Soils, therefore, it is
recommended as the primary database of soils usable for basic CCM analyses, also see
Mertova [34]. The coefficient of deceleration by effect of soil factor, the coefficient of roll-
ing resistance and the coefficient of adhesion have the biggest impact on accuracy of CCM
data. Their analysis was based on the defining of specific points on a tractive chart, the
limit for SLOW GO and NO GO slope gradient.

Influence of data to CCM analysis was already noticeable within the initial phase of
finding a boundary for passable and impassable terrain. A value of NO GO terrain bound-
ary in a tractive chart is determined with accuracy of the tractive force and the adhesive
force. Whereas the tractive force is computed precisely from technical parameters of ve-
hicles, the adhesive force is dependent on the accuracy of two parameters—slope gradient
and the coefficient of adhesion. Accuracy of slope gradient is high due to using the de-
tailed digital elevation model, fifth generation, available in the Czech Republic. Soil and
surface conditions defining the value of the coefficient of adhesion are more difficult to
determine. This makes analysis of CCM relatively inconsistent due to diverse data sources
entering the analysis.

The coefficient of deceleration by effect of soil factor Cs has a negligible influence on
accuracy of slope gradient. On this aspect, it does not matter which model is utilized,
whether the DMA or the GeoSl ACR model. More important is correct determination of
conditions of terrain when coefficient of deceleration by effect of soil factor equals 0, as it
is the main asset of the GeSl ACR model [58]. The model GeoSl ACR can be considered as
overly general, merging many types of soils and surface into only the small set of coeffi-
cients. The model DMA evaluates the group of soils with the Rated Cone Index (RCI),
which is more elaborate than the Czech model, which is also the conclusion of Hubacek
[32]. Though, in the end, everything depends on estimate of a moisture level of soil. A
moist soil and a wet soil have noticeably different traversability characteristics for most
types of soils. A major factor affecting the accuracy of the coefficient of deceleration by
effect of soil factor is moisture of soils, and the influence of determination of sort of soils
can be mostly omitted (when not knowing the exact level of moisture). For instance, only
organic silt has a significant difference in results (RCI values are low in comparison with
other sorts of soils), calculated also in Hlavacek [30]. Other significant external factors in-
fluencing output CCM analysis are temperature and precipitation values. They are par-
tially represented by table values of studied coefficients which differ in various condi-
tions.

The coefficient of deceleration by effect of soil factor has, on the other hand, a major
influence on reduction of speed of vehicles. The faster the vehicle, the bigger the reduction
of speed is. Wheeled vehicles have range of variation of speed up to 3 kmh' and tracked
vehicles up to 1 kmh' (with set maximum speed in terrain 20 kmh' and the basic accuracy
of the coefficient dCs = 0.1). If speed is considered as a secondary variable (for the purpose
of simplification of CCM analysis), the coefficient Cs can be limited only to values 0 and
1, without any wider loss of accuracy.

Influence of determination of surface conditions (soil type, etc.) to results of CCM
analyses is significant. The difference of maximum gradient reachable by the vehicle LRD
110 between the best rated conditions, f=0.1 and ¢ = 0.7, and the worst rated conditions,
f=0.2and ¢ =0.5, in the selected area Bacetin is over 14°. This range of variation is 46% of
the maximum value of the gradient, which signifies unreliable results. In addition, differ-
ence of evaluated impassable area is, in total, 13%, and over 50% in limited CCM analysis
with the focus limited to the selected valley, which is in the middle of the area Bacetin,
covering 25% of the area. Uncertainty in determination of surface conditions supersedes
other aspects of CCM analyses (influence of gradient, forest, etc.) and must be solved as a
major issue to improve results of analyses of traversability.

Results of analyses of the coefficient of adhesion indicate that accuracy of the adhe-
sive force has a larger impact on wheeled vehicles than on tracked vehicles. Tracked ve-
hicles reach higher adhesive force, thus, limit values of reachable gradient are also higher.
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The resulting range of variation of maximum gradient is bigger, yet it represents a smaller
calculated area than for wheeled vehicles. Area of gradient in the range of 15°-20° (maxi-
mum for wheeled vehicles) is, in the studied territory Bacetin, much bigger than for gra-
dient in the range of 20°-25° (maximum for tracked vehicles). Maximum gradient acces-
sible for both wheeled and tracked vehicles is not defined with the maximum tractive
force, but with the adhesive force. Basic accuracy of the coefficient of adhesion d¢ = 0.1,
with surface conditions of the selected area Bacetin, influences determination of slope up
to 5 degrees. This level of inaccuracy approves that the table values of soil and surface
types, along with their level of moisture, have to be further divided into more classes.
These classes should be evaluated separately for wheeled and tracked vehicles, and orig-
inal values are used from Rybansky [14]. The proposed basic table accuracy of the coeffi-
cient of adhesion should be d¢ = 0.05, with the same limitation of range of values. For
instance, tracked vehicles have range of ¢ for sandy surface ¢ = (0.4, 0.7), which is overly
large and must be divided into more specific conditions with a step of d¢ = 0.05 to get
more accurate results of CCM analyses.

The rolling resistance has approximately the same influence on each tested vehicle.
Basic accuracy of the coefficient of rolling resistance df = 0.05, with surface conditions of
the selected area Bacetin, defines a 3 degrees range of variation in maximum slope gradi-
ent, and influence on maximum speed is minimal, up to 1 km/h. Fixed basic accuracy has
a perceptible range of variation, therefore, the coefficient has to be elaborated into more
classes, with more sorts of surface and levels of moisture, whilst concurrently unifying the
list for wheeled and tracked vehicles. The suitable form would be a detailed list of surface
and soil types (similar to RCI) with three variants of moisture. Furthermore, the list should
be divided into wheeled and tracked vehicle values, potentially even to a more detailed
division. With respect to the study and survey in the terrain, an important aspect would
be further division of the table to wheeled vehicles among light personal wheeled types
(LRD 110) and heavier wheeled truck types (T815). Preparation of such a table would re-
quire extensive testing of military techniques and vehicles in the terrain. By doing this
research, accuracy of soil and surface databases and models would be significantly higher,
followed by more reliable CCM analyses. Soil and surface databases may not be improved
much currently, but their processing for the purpose of CCM analysis can be vastly devel-
oped.

The basic table accuracy of the coefficient of rolling resistance should be df = 0.02,
with the same limitation of range of values. For example, wheeled vehicles have range of
ffor wet clayey soils, f = (0.10,0.20). Given the 3 degrees range of variation in maximum
slope gradient for basic accuracy df = 0.05, this range (wet clayey soils) must be divided to
more specific types with a max step of of = 0.02 in order to obtain more accurate results of
CCM analyses.

The combined basic accuracy of surface conditions d¢ = 0.05 and df = 0.02 would in-
crease accuracy of calculation of maximum gradient from 7 to 3 degrees. Respective divi-
sion of table values of soil and surface types and their moisture level is still manageable
under these circumstances (from current 25 surface types to approximately over 75 surface
types). Further division with basic accuracy of surface conditions d¢ = 0.01 and df = 0.01
would significantly increase accuracy of calculation of maximum gradient to 1 degree.
Nevertheless, this division is currently technically almost unfeasible with too many sur-
face types to be tested in the terrain (with estimated number over 400 surface types). The
measurements should also incorporate the influence of temperature and precipitation to
characteristics of the surface. Incorporating actual conditions of the surface would sub-
stantially increase the accuracy of the CCM analysis.

The methodology for determining the impact of terrain surface parameters on the
movement of military vehicles could, under certain conditions, be applied to other vehi-
cles as well. Tensile force, adhesion coefficients and rolling resistance are decisive for the
analysis of the movement of agricultural vehicles. These parameters change mostly after
plowing and heavy rainfall. In addition to the parameters and technical parameters above,
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quality of elevation data has a significant effect for smaller vehicles, such as UGV and
mobile robots (wheeled, tracked, combined). The smaller the dimensions of a vehicle, the
greater demands on the accuracy and density of altitude data, see also References [46-50].
If an altitude model with record density of 1 x 1m is sufficient for tested military vehi-
cles (with the dimensions given in Table 1), an altitude model with a point density in dec-
imeters and an accuracy in centimeters will be required for smaller vehicles.

5. Conclusions

The primary findings of the study show that the processing of soil and surface data
and methods of CCM analyses are currently more important than the databases them-
selves. The primary issue is that information, and attributes in the studied databases, do
not include essential data needed to improve the analyses. Furthermore, range of varia-
tion in determination of surface conditions calculated from tractive charts of the selected
vehicles in the studied area, Bacetin, is significant. Parameters of tractive charts, the coef-
ficient of adhesion and the coefficient of rolling resistance are reflective representants of
surface conditions in general. Their table values are even more important than soil and
surface databases. CCM analyses would be considerably improved with more detailed
separate table values for wheeled and tracked vehicles for these two coefficients. The stud-
ied maximum gradient reachable by the vehicle LRD 110 is almost double for the best
possible rated conditions compared to the worst rated conditions. This represents a range
of variation of basic accuracy of coefficients representing the selected area. CCM analyses
cannot be sufficiently reliable unless a more detailed system of rating of soils and surface
is found. Future studies and researches should focus on introducing a suitable method of
data processing in order to enhance CCM analyses, especially for small-scale areas, which
represent the military tactical level of planning. Academic contributions of the study re-
side in the defining of values of a range of results of CCM analysis that military planners
can expect from current surface information and databases in the representative area of
the Czech Republic.

The authors of the article anticipate that further research would enable the improve-
ment of the proposed methodology. It is predominantly the use of remote sensing meth-
ods to determine the characteristics of the terrain surface (determining the slopes of the
terrain, soil moisture, soil temperature) and verifying these attributes by field measure-
ments (tachymeter, penetrometer, bevameter). A necessary prerequisite for validation of
these measurements is also a pedological laboratory analysis of soils, with a focus on de-
termining moisture parameters and distribution characteristics of soil granularity. One of
the possible solutions is also use of SENTINEL-2 data (thematic services or applying clas-
sification techniques). This could be an example for rapid land monitoring and land cover
change mapping. Anyway, a field campaign is necessary to validate both remote sensing
maps and CCM-retrieved conclusions.
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