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1   |   INTRODUCTION

The increasing mechanical intensification of cultivation 
(Keller et al., 2019; Schjønning et al., 2015) represents one 

of the major challenges to the preservation of healthy soils 
in arable land (FAO, 2015).

Soil compaction and especially subsoil compaction 
is often accompanied by mechanical intensification 
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Abstract
Increasing traffic intensities in agricultural work processes increase the risk of 
subsoil compaction. The objective of this study is to investigate whether the ge-
ometry of the field and size of the machine influence the traffic intensity. This 
study focuses on analysing the influence of the machinery and field geometry on 
the traffic intensities in the field based on wheat harvest operations performed 
with one combined harvester. For this purpose, 177 routes on 59 different fields 
are simulated with a route planner, and subsequently, the tracks and traffic in-
tensities are modelled. The structure of the field was specified using eight differ-
ent shape indices. The analyses showed that the configuration of the machines 
mainly influences the total passed area and the wheel load distribution on the 
field. Independent of the machine, the geometry of the field has an influence on 
the area proportions in the headland with wheel passes above 5 and 10. The indi-
ces that highly correlate with traffic intensity are the mean interior edge ratio, the 
interior area ratio and the mean fractal dimension. It means that the larger the 
field area in proportion to the perimeter and the infield area, the larger the area 
fraction with more than 5 or 10 passes. Moreover, this area share increases with 
the complexity of the field geometry, expressed by the mean fractal dimension. 
Consequently, the size of the field mainly influences the traffic in the headland 
because of the removal of the crop.
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leading to a loss of soil functions (Destain et al.,  2016; 
Horn et al., 2003), increase of erosivity (Alaoui et al., 2018; 
Saggau et al., 2019) and decrease of yield (e.g. Arvidsson & 
Håkansson, 2014; Daigh et al., 2020).

While topsoil compaction may be lowered by primary 
tillage (Kuhwald et al.,  2017, 2020), subsoil compaction 
(usually >30 cm depth) is usually long-time persistent 
or very time- and cost-intensive to repair (Chamen 
et al., 2015; Keller et al., 2017, 2021; Seehusen et al., 2021). 
How intensively the pressure applied by machines can 
penetrate into the soil and possibly cause damage depends 
on several machine features (e.g. tire dimensions, tire in-
flation pressure and wheel load) and the soil conditions 
(e.g. soil moisture, soil texture and organic matter) (Gut 
et al., 2015; Horn et al., 1995; Keller & Arvidsson, 2004; 
Lamande et al.,  2007). In addition to the machine char-
acteristics, the number of wheel passes is also an im-
portant factor affecting soil compaction in deeper soil 
layers. Although measurements show that the first pass 
causes the greatest soil settlement or pressure input (Horn 
et al.,  2003; Pytka,  2005; Seehusen et al.,  2019), multi-
ple wheel passes result in pressure propagation into the 
depth and thus into the subsoil (Becerra et al., 2010; Botta 
et al.,  2009; Naderi-Boldaji et al.,  2018; Pulido-Moncada 
et al., 2019).

An overall threshold value for wheel passes or 
wheel load from which subsoil compaction may occur 
has not been reported yet. Generally, the higher the 
wheel load, the deeper the pressure penetrates into 
the soil (Håkansson & Reeder,  1994; Lamande & 
Schjonning,  2017). However, some studies give indi-
cations of critical values, for example, a maximum 
wheel load of 3 Mg (Horn et al., 2003) or 5 Mg (Becerra 
et al., 2010; Håkansson & Reeder, 1994; van den Akker 
et al.,  2003). A field experiment by Pulido-Moncada 
et al.  (2019) revealed that the combination of 8-Mg 
wheel load with 4 wheel passes had a stronger effect in 
the subsoil than one pass with 12 Mg wheel load.

Moreover, it is still not clear whether it is better to 
wheel (i) a high area share with less wheel passes and low 
wheel load or (ii) less area share with more wheel passes 
and higher wheel loads. Because of the high variation in 
combined harvester setups, both scenarios are feasible.

At the field scale, high traffic intensities in the field 
can occur both in terms of wheel loads and wheel passes 
(Augustin et al.,  2020; Bondi et al.,  2020; Duttmann 
et al.,  2013; Kroulík et al.,  2009). The distribution and 
quantitative analysis of spatial traffic intensities serve, 
among other things, to identify hot spots (Augustin 
et al., 2020; Duttmann et al., 2013) and can assist to op-
timize traffic management. Most notably, field headlands 
are affected by high intensities (Augustin et al., 2020) and 
thus stronger degradation of soil and plant conditions 

(Sunoj et al., 2021; Ward et al., 2021). According to Sunoj 
et al.  (2021), targeted and better management of head-
lands can lead to increased yield in the headland, depend-
ing on the field size.

Over the last years, support systems and tools offering 
generation of routes for machines participating in input-, 
output- and neutral-material flow operations in arable 
farming have been developed based on different goals and 
criteria (Moysiadis et al.,  2020; Nilsson & Zhou,  2020). 
These include both capacitated and noncapacitated sce-
narios. For example, Bochtis et al. (2012) developed a de-
cision support system (DSS) for route-planning targeting 
input material flow operations, which aims to reduce the 
risk of soil compaction. Vahdanjoo et al. (2020) present a 
tool for track sequence selection aiming to minimize the 
nonworking distance travelled by the machine in a manure 
scenario with multiple depots. Edwards et al. (2017) pres-
ent a route planner for neutral material flow operations 
aimed to minimize the distance travelled by the machine. 
Moreover, a spatiotemporally constraint planning method 
for a harvesting scenario, where harvesters were assisted 
by a transport vehicle has been presented by Scheuren 
et al. (2013). Optimizing the routing of, for example, crop 
harvest with transportation vehicles can already amount to 
reducing the traffic intensity in the field (Villa-Henriksen 
et al., 2020). Harvesting processes are one of the most in-
tensive and laborious operations in arable farming, hence 
route planning that supports such field operations can 
help optimize the process and mitigate negative effects. 
In this study, we focus on wheat crops, which represent 
the highest share of arable land worldwide (about 15.6% 
in 2019) and one of the most important crops in Europe 
(FAO, 2021). In mechanized agriculture, wheat is usually 
harvested using combine harvesters; and there is a high 
diversity of machine models in the market with widely 
differing specifications and characteristics. Typically, the 
dimensions of the available machines vary depending on 
the manufacturer, the country of sale and the regional 
farm structures. In Germany, for example, the manufac-
turer Claas sells harvesters with working widths between 
3.7 and 13.8 m and empty weights between 8.9 Mg (Avero 
160) and 22.5 Mg (Lexion 8900) (Claas KGaA mbH, 2021). 
The selection of the machine used for a certain harvesting 
operation depends, among other factors, on the field size 
and the total area to be harvested.

A logical assumption is that field geometry influ-
ences the efficiency and intensity of traffic as harvest-
ing. Several studies have investigated the influence of 
field geometry on logistic coefficients both as single-
variable (Gonzalez et al.,  2004; Gónzalez et al.,  2007; 
Griffel et al.,  2020; Luck et al.,  2011) and multivari-
ate analysis (Luck et al.,  2011; Oksanen,  2013). It was 
found that the ratio between the perimeter and the area 
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of the field (IER) has a significant influence on-time 
efficiency (Griffel et al.,  2020), operational efficiency 
(Oksanen,  2013) and overlap error (Luck et al.,  2011). 
Griffel et al. (2020) determined that time efficiency for 
harvesting grass crops improves with increasing IER. 
Overlap increases with increasing IER in the case of 
spraying operations according to Luck et al.  (2011). 
Focusing on soil compaction and soil degradation, 
Duttmann et al.  (2013) determined that the width-to-
length ratio of the field has an impact on the traffic 
intensity during maize harvests. Thus, an unadjusted 
length to the loading capacity of the machinery leads 
to unnecessary passes and increased stress on the soil. 
However, mainly fields with rectangular field geome-
tries were studied by Duttmann et al. (2013). In the case 
of irregular field geometries, there is no clear length or 
width of the field, hence the width-to-length ratio is dif-
ficult to determine (e.g. for round field shapes).

This study aims to broaden the topic of changing traf-
fic intensity with irregular field shapes. The objective is 
to analyse and interpret the field traffic intensity for three 
different combined harvesters on 59 fields with heteroge-
neous field geometry

1.	 by modelling the traffic intensity for the three different 
combined harvesters and

2.	 by investigating the relationship between the traffic in-
tensity and field geometries by applying eight different 
shape indices.

To achieve the objective, the spatial traffic inten-
sity of winter wheat harvest was modelled with FiTraM 
(Augustin et al., 2019) using routes generated by the plan-
ning tool presented in Focke Martinez et al.  (2021). The 
operations were planned for a case scenario where only 
one harvester is in use and unloading the bunker takes 
place outside the field. The field geometry is characterized 
by eight field shape indices, which shall reflect the com-
plexity of the shape.

2   |   METHODS AND MATERIALS

2.1  |  Study site

A total of 59 fields in the southeast of Schleswig-
Holstein, Germany, were selected for field traffic analy-
sis (Figure  1). The region is characterized by intensive 
agriculture use, with 70% of the area being arable land 
(Saggau et al.,  2019). The field shapes are heterogene-
ous and dominated by crop rotations with winter wheat 
(Triticum aestivum L.), winter barley (Hordeum vulgare 
L.) and rapeseed (Brassica napus L.).

In 2019, the average winter wheat yield in this re-
gion was 8.9  Mg ha−1, while the 6-year average was at 
9.2  Mg ha−1 (Statistische Ämter des Bundes und der 
Länder, 2021).

Parent material is glacial till deposited during the 
Weichselian glaciation. Predominating soil type is Luvisol 
(WRB, FAO, 2014), while erosion processes form Regosols 
on the slopes and colluvial deposits in the depressions 
(Saggau et al.,  2019). Soil texture classes vary between 
loamy sand and sandy loam, with occasional occurrence 
of sand and loam.

The climate is humid, with mean annual precip-
itation of 735 mm and a mean temperature of 9.2°C 
(weather station Doernick, DWD). For winter cereals, 
soil primary tillage is commonly performed in autumn 
(September–October), followed by sowing in October. 
During the growing season, several applications of fer-
tilizer and pesticides take place. The harvest period is, 
depending on weather conditions, between mid-July 
and end of August. Harvest is usually executed by com-
bine harvesters, which can store the grains during the 
harvesting process in a bunker. The bunker is emptied at 
an unloading point (e.g. an extra transportation vehicle) 
either in the field or near the field border. For this case 
study, an unloading point was located outside the field 
boundary in the vicinity of each field access point. No 
field obstacles (e.g. trees, ponds, etc.) were taken into 
account.

2.2  |  Machine configuration and data 
preparation

Three different types of combine harvesters were se-
lected for this study, which shall represent a part of 
the various possibilities of configurations for harvest-
ers. The harvesters' settings were chosen according to 
consultations with a local farmer and expert in agricul-
tural technology. The machine data were derived from 
the database of the Advisory Board for Technology and 
Construction in Agriculture e.V. (KTBL). The three se-
lected combine harvesters (Table 1, S04) differ in mass 
(15–20.8  Mg), bunker capacity (9500–12,000 L) and 
working width (6–12 m).

For field traffic intensity analysis, the geometrical 
properties of the field as a border, headland's position 
and dimension, and driving direction of each field are 
considered. The field boundaries and the reference line 
for the direction of travel were identified and digitalized 
by visual evaluation from orthophotos (http://ecn.
t3.tiles.virtu​alear​th.net/tiles/) using QGIS. The head-
land is defined as the area parallel to the field boundary 
and includes the turning and the nonturning headland 
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(Sparkes et al., 1998; Ward et al., 2021). The mean head-
land width measured from the orthophotos was 24 m, 
hence this was the headland width set for the route 
planning of the M225 and M375 machines, which have 
working width of 6 and 12 m, respectively. However, the 

M300 machine has a working width of 9  m, hence an 
increased headland width of 27 m was set for the route 
planning of this machine. The area of a field that is not 
occupied by the headlands is hereafter referred to as the 
infield.

F I G U R E  1   Study site with 59 fields and maximum, minimum and mean of the shape indices. The shape indices are represented by the 
mean interior edge ratio (IER), the standardized IER (SIER), the sphericity (Sph), the field shape index (Sind), the mean fractal dimension 
(MFD), the fractal dimension (FD), the area envelope (AE) and the interior area ration (IAR)
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2.3  |  Route planning and modelling of 
traffic intensity

The route planning tool presented in Focke Martinez 
et al. (2021) was used to generate the routes of the capaci-
tated wheat harvester. This planner first divides the field 

into the surrounding headland and the infield regions 
based on the desired minimum headland width and gen-
erates the tracks for both regions based on the working 
width of the harvester, the field boundary polygon (for 
the headland tracks) and a given reference linestring 
(for the infield tracks). These tracks are to be driven by 

T A B L E  1   Combine harvester modelled in this study

Name Type (kW)
Working 
width [m]a Capacity [L] Weight [Mg] Ratio [%]b Tire

Inflation 
pressure [kPa]c

M225 225 6 9500 15.0 68 900/60R32 190

32 600/65R28 120

M300 300 9 10,500 17.1 69.4 1050/50R32 190

30.6 600/65R28 120

M375 375 12 12,000 20.8 71.4 1050/50R32 260

28.6 600/65R28 120
aEmpty weight with cutter.
bRatio for the weight distribution between front and rear axle.
cRecommended inflation pressure for tires from Michelin with the same tire dimensions, 10 km h−1 speed and full harvest bunker.

F I G U R E  2   Example of field tracks and maximum wheel load for field 1072 used for modelling
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the harvester to cover the whole field, starting with the 
headland tracks (from the outer-most to the inner-most 
track) followed by the infield tracks (from one side of the 
field to the other following a basic ‘next-adjacent-track’ 
sequence). The process is then divided into working win-
dows based on the average yield mass per area unit in 
the field (9.2 Mg ha−1 for this study) and the harvester's 
bunker capacity. Each working window comprises three 
operations: (1) harvest the field following the tracks' se-
quence until the capacity constraint is reached; (2) drive 
to unloading locations to deposit the harvested yield; and 
(3) return to the field to continue with the next working 
window (if needed). For this study, the computation of 
the working windows was constrained to switch between 
windows only when a track is completely harvested. For 
operations (2) and (3), the tool plans the transit paths 
from/to the unloading location by means of an A* search 
on a graph that is generated based on the field geome-
tries (boundaries, tracks, access points, unloading points, 
etc.). This search is done using a given edge-cost func-
tion, which must be defined depending on the desired 
optimization criteria selected for the operation. In this 
case, the edge cost is defined by

where d is the distance travelled on the edge (in me-
ters), m is the mass of the machine (in kg) at the moment 
of planning, mprev is the sum of machine masses (in kg) 
corresponding to previously planned edge visits and Kp is 
the penalty factor for driving over special edges, defined 
by

The field traffic intensity for the planned routes of 
the harvester was modeled with FiTraM. A detailed de-
scription and evaluation of FiTraM are given by Augustin 
et al.  (2019). FiTraM models the tire tracks for different 
work processes on the field and derives the spatial infor-
mation on traffic intensity (number of wheel passes, wheel 
load and soil stress) as polygons (cf. Augustin et al., 2019, 
2020) (cf. Figure 2).

The GPS coordinates and bunker mass information of 
the route points delivered by the route planner were used 
as input parameters for FiTraM, together with the ma-
chine and tire specifications. A total of 177 processes were 

modelled with FiTraM, corresponding to each of the 59 
fields with the three different combined harvesters.

The model outputs polygons that represent the tire 
tracks for every axle on the field (which include informa-
tion on wheel load) and all tire specifications.

2.4  |  Traffic intensity analysis and 
shape indices

After modelling the planned routes with FiTraM, the 
polygons representing the tire tracks were processed so 
that overlapping polygons were dissolved. This allows the 
area percentages of the maximum wheel load to be set 
in relation to the total area of the field. Additionally, the 
area percentages of wheel passes were extracted from the 
raster data (resolution 1 × 1 cm), which was derived from 
the polygon data by counting the overlapping polygons. 
The area percentages were calculated for the headland, 
infield and complete field areas. Contrary to route plan-
ning, where headland widths of 24 m (for the M225 and 
M375 machines) and 27 m (for the M300 machine) were 
used, the calculation of traffic intensity was done using 
only a headland width of 24 m. In this study, it was as-
sumed that only the harvester varies, whereas all other 
working processes remain the same. It was also assumed 
that the headland is mainly adjusted to the sowing and 
maintenance tracks. Based on these two assumptions, the 
headland width of 24 m was not changed for the analy-
sis. Moreover, a headland width of 24 m corresponds 
to the average tramlines' width in Europe (Gillespie & 
McDonnell,  2020). Six indices are determined from the 
modelled tracks (Table 2), which serve to analyse changes 
in traffic intensity because of varying field geometries. 
These traffic intensity indices were chosen according to 
Augustin et al. (2020). The index 5P8L was chosen accord-
ing to Pulido-Moncada et al.  (2019), where it was found 
that multiple wheel passes of 8 Mg can affect the subsoil.

All indices for traffic intensity were calculated sepa-
rately for each area's section (infield, headland, complete 
field) and refer to the percentage of the area of the cor-
responding section. Concerning LO8, the area percentage 
corresponds to the area, which was passed at least once 
with 8 Mg (repeated passes are disregarded). The indicator 
5P8L illustrates the combination of wheel load and wheel 
passes. It represents the area percentage that was passed at 
least once with 8 Mg and in total at least with five passes. 
The reason for taking 8 Mg as upper values for the analysis 
of maximum wheel load is that there would not be any 
effect of the higher wheel load with a 5 Mg threshold as 
every machine reaches a load higher than 5 Mg.

To derive the different shapes of field geometries, 
eight indices were calculated, which shall represent the 

(1)

EC =

{
Kp, ∙d ∙

(
m+0.2 ∙

∑
mprev

)
;edge inside the field

0.1 ∙d ;edge outside the field

}

(2)Kp=

⎧
⎪⎨⎪⎩

1 ;Normal edge

4 ;Edge crossing tracks

11 ;Edge in the field boundary

⎫
⎪⎬⎪⎭
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variability in field geometry (Table 2). The indices were 
taken from Farina  (1998); Forman and Godron  (1986); 
Lang and Blaschke  (2007); Luck et al.  (2011); 
Oksanen (2013); Schumaker (1996), which were devel-
oped for landscape ecology analysis and the determi-
nation of field operation efficiency. Most of the indices 
represent the ratio of area to perimeter and the ratio of 

field zone areas. The fractal dimension quantifies the 
complexity of fractals (Feldman,  2012) and is used to 
describe the complexity of the field shape. The script 
for calculating the Hausdorff dimension provided by 
Turci  (2016) was adapted to determine the fractal di-
mension. The simplified mean fractal dimension (MFD) 
is a measure of the compactness of the field geometry, 

Index Abbreviation Description

Shape indices

Area
Perimeter

A
P

Area of the complete field
Perimeter of the field

Mean interior edge 
ratio

Standardized IER
Sphericity
Field shape index
Mean fractal 

dimension
Fractal dimension
Area envelope interior 

area ratio

IER
SIER
Sph
SInd
MFD
FD
AE
IAR

P/A
P/sqrt(A)
P/(2·sqrt(A)/π)
P/(2·sqrt(A)·π)
2·log(P)/log(A)
See Turci (2016)
Field area A divided by envelope area
Ratio between core field area and complete 

area A

Traffic intensity

Load under 8 Mg
Load over 8 Mg
Complete area
Passes over 5
Passes over 10
Passes 5 to load 8

LU8
LO8
AP
PO5
PO10
5P8L

Area-% passed with maximum wheel load 
≤8 Mg

Area-% passed with maximum wheel load 
≥8 Mg

Complete area-% passed on the field
Area-% by ≥5 wheel passes
Area-% by ≥10 wheel passes
Area passed ≥5 times, at least once with 

≥8 Mg

T A B L E  2   Shape and traffic intensity 
indices used for the analysis of field 
geometry on traffic intensity

F I G U R E  3   Simplified workflow of the experimental design. The workflow is structured into input data, the spatial modelling part with 
route planning and tire track/field traffic modelling, and the analysis part with calculations of indices and statistics. The grey text below the 
processes refers to the tables in the text and supplementary data such as the python scripts
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which is defined by the complexity of the field borders. 
The calculation was adapted from Farina (1998) for an 
irregular polygon with dimension 2. Table 2 shows the 
indices used for the spatial geometry and traffic inten-
sity of the field and additionally provides a short de-
scription, and the calculation of the shape indices is 
provided in the supplementary material (S03.a,b).

2.5  |  Statistical evaluation

Statistics are performed with Python 3.7 and the statistical 
functions from scipy.stats (1.6.1) package.

All tests were applied to all machine combinations, 
and the samples were differentiated into headland, in-
field and complete field. All scripts for the hypothesis test 
and correlation analysis are provided in the supplements 
(S03.c, S03.d).

The Wilcoxon signed-rank test for paired samples, a 
nonparametric statistical hypothesis test, was used to de-
termine whether there were differences between the traf-
fic intensity of the different machine configurations. All 
parameters were tested both two- and one-sided to initially 
determine whether there were significant differences and 
subsequently to test whether the distribution of the first 
observation was larger or smaller than that of the second.

It was also tested whether the distribution varied sig-
nificantly within the single sample. First, the nonparamet-
ric Wilcoxon rank test for one sample was used to check 
whether the distribution of differences from the mean is 
symmetric at about zero. Next, the rank correlation by 
Spearman was applied to calculate the monotone correla-
tion between the geometry indices and traffic intensity.

First attempts were made to determine the equations 
of correlation for the indices using a regression function 
(S03.e). This was realized with the Python package lmfit 
(1.0.2).

A simplified overview of the complete workflow is 
given in Figure 3. It also refers to the input data and scripts 
provided in the supplementary materials and used during 
the analysis.

3   |   RESULTS

3.1  |  Differences in traffic intensity 
depending on machine setup

The sizes of the fields ranged from 0.9 ha to 51 ha, with 
an average of 11.5 ha (Figure 1). The infield covers 9.2% 
to 83.6% of the total field size. Figure 1 shows the range 
of the shape indices for the selected fields. It shows that 
field geometries are very heterogeneous, which is a pre-
requisite for our analysis to analyse the influence of 

geometry on traffic intensities. The (mean) fractal dimen-
sion, being dimensionless, is a bit more difficult to inter-
pret in this case the lower the value, the more compact 
(in case of MFD) and correspondingly more complex the 
field geometry.

On average for all 59 fields, between 19 and 41% of the 
total field was passed during the wheat harvest (AP). M225 
had the highest mean coverage of the complete field area 
with 36%. The headland was covered 48% and the infield 
32%. The 8-Mg wheel load was never exceeded for M225. 
M300 covered, on average, 28% of the complete field; 37% 
of the headland and 26% of the infield. A wheel load of 
8 Mg was exceeded for 7.5% of the complete field area and 
14.8% of the headland area. M375 had the lowest mean 
coverage in all area sections, with a coverage of 22% for 
the complete field area, 30% for headland and 19% for the 
infield. In total, the AP increases by approx. 7% per 3 m 
decrease in working width.

In the headland, the average percentage of area that 
was passed more than five times (PO5) did not exceed 5% 
for any of the machines. The average area that was passed 
more than 10 times (PO10) represents <1% (Figure 4). All 
values are available in the supplements (S01).

The traffic intensities among the three machines differ 
significantly in almost all traffic intensity indices (Table 3). 
This is especially true for LO8, LU8 (Figure 4) and AP. The 
smaller the machine, the higher the passed area and the 
lower the percentage of areas with more than 8-Mg maxi-
mum wheel load (LO8). LO8 was excluded from the anal-
ysis of M225 because the machine never reaches an 8-Mg 
wheel load.

In the infield, M300 had the highest values of PO5 and 
PO10 compared with M225 and M375, whereas M375 
and M300 had higher values than M225 in the headland 
(Table 3). This means that M375 and M300 pass a larger 
area fraction more than 10 times in the headland and 
M300 affects more area in the infield with at least 5 wheel 
passes. M225 affects less area with high wheel pass fre-
quency, even though M225 passes more area in total than 
M375 and M300 and, additionally, has to unload the bun-
ker more often because of the lower capacity.

In general, Table 3 and Figure 4 show that the variation 
in wheel load distributions can be represented by the type 
and size of the machine, respectively.

There are clear differences in the distributions and 
mean values of the individual machines, if the values of the 
wheel load are considered. The PO5 and PO10 indices dif-
fer less as a function of machine size, but there is a broader 
scatter within the distributions of PO5 and PO10. This can 
be seen, among other things, from the fact that the mean 
values vary only a little compared with the other machines, 
but the values for PO5 and PO10 are widely scattered. This 
indicates that the number of wheel passes is rather deter-
mined by an additional coefficient such as geometry.
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240  |      AUGUSTIN et al.

For 5P8L, the results only showed relevant differences 
in the infield between M300 and M375. M300 shows 
higher area proportions. This is probably because of the 
higher frequency of passes in the infield.

3.2  |  Traffic intensities in relation to the 
field geometry

A wide deviation of the differences from the mean of the 
distribution within each data set for the traffic intensi-
ties means that this index is most likely described or 

influenced by at least one other parameter. Table 4 pre-
sent the results from the Wilcoxon test for one sample. It 
shows that there is a significant deviation from the mean 
of the traffic intensity indices PO5 and PO10, at least in 
some zones of the field and machines (cf. Figure 4). In the 
infield, there are also deviations from the mean value for 
the index 5P8L for both M300 and M375. M225 was disre-
garded because of the lower wheel load. The only param-
eter, which is not related to wheel pass frequency, that 
showed significant deviations from the mean value of the 
distributions, is the total wheeled area, AP, for M300 in 
the infield.

F I G U R E  4   The boxplots for the traffic intensity indices PO5 and PO10 (area share with more than 5 and 10 wheel passes) and LU8 and 
LO8 (area share with less and more than 8-Mg wheel load) distinguished by the different machines (M225, M300, M375) and field zones 
(complete field, headland, infield)
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Using the results of the Wilcoxon test in Table 4, we see 
that some traffic intensity indices are influenced by other 
parameters. So, the Spearman correlation was calculated 
to analyse which shape indices influence the scattering in 
the distribution of field traffic intensity. Figure  5 shows 
the correlation coefficients for the monotonic relation-
ship between the traffic intensity parameters and the field 
shape indices in the headland. The results for all combi-
nations are shown in the supplements (S02). For com-
pleteness, the field traffic indices that were found not to 
be significant in the previous analysis (Table 4) are also 
presented in Figure 5.

The results indicate a high monotonic correlation be-
tween IAR, MFD and IER with PO5, PO10 and 5P8L in 
the headland. M225 has no correlation.

coefficients for 5P8L and LO8 as there is no area passed 
with more than 8 Mg. Considering the complete field area, 

the correlation coefficient of the aforementioned variables 
P05, P010 and 5P8L with IAR, MFD and IER becomes 
smaller (S02). In the infield, no correlation between traffic 
intensities and field geometry exists for M375 and M225. 
In contrast, M300 shows high correlations between IER, 
IAR and PO5, PO10 for the infield.

For the headland, the results imply that the areas traf-
ficked for PO5, PO10 and 5P8L increase when the propor-
tion of the headland with respect to the total field area 
decreases (IAR). These areas decrease, conversely, when 
the perimeter of the field increases in relation to the field 
area (IER, Figure 6). They also decrease whether the field 
geometry becomes more irregular (decreasing MDF).

The dependencies between the traffic intensity indi-
ces PO5, PO10 and the shape indices IER, IAR and MFD 
are presented in Figure 6. Comparing the relationships 
between these indices, MFD reveals the greatest scatter, 

T A B L E  3   Wilcoxon rank test for paired samples for the three combined harvesters M225, M300 and M375

Machines Zone Variable
p-Value 
greater p-Value less

Significance 
greater

Significance 
less

M300 M225 Complete AP – 1.195·10−11 – **

M300 M225 Complete LU8 – 1.195·10−11 – **

M375 M225 Complete AP – 1.195·10−11 – **

M375 M225 Complete LU8 – 1.195·10−11 – **

M375 M300 Complete AP – 1.258·10−11 – **

M375 M300 Complete LU8 – 1.195·10−11 – **

M375 M300 Complete LO8 1.195·10−11 – ** –

M300 M225 Headland AP – 1.195·10−11 – **

M300 M225 Headland LU8 – 1.195·10−11 – **

M375 M225 Headland AP – 1.195·10−11 – **

M375 M225 Headland LU8 – 1.195·10−11 – **

M375 M300 Headland AP – 4.945·10−11 – **

M375 M300 Headland LU8 – 1.195·10−11 – **

M375 M300 Headland LO8 1.195·10−11 – ** –

M300 M225 Infield AP – 1.626·10−11 – **

M300 M225 Infield LU8 – 1.258·10−11 – **

M300 M225 Infield PO10 8.717·10−7 – ** –

M300 M225 Infield PO5 2.585·10−10 – ** –

M375 M225 Infield AP – 1.195·10−11 – **

M375 M225 Infield LU8 – 1.195·10−11 – **

M375 M300 Infield AP – 1.258·10−11 – **

M375 M300 Infield LU8 – 1.195·10−11 – **

M375 M300 Infield LO8 1.195·10−11 – ** –

M375 M300 Infield PO10 – 8.717·10−7 – **

M375 M300 Infield PO5 – 1.178·10−5 – **

M375 M300 Infield 5P8L – 1.622·10−5 – **

Note: The table shows whether there are significant differences in field traffic indices between machines and whether the target machine has a lesser or greater 
distribution than the compared one. The traffic intensity indices are field area shares of the complete area passed (AP), the wheel load under (LU8) and over 
8 Mg (LO8), more than 5 (PO5) and 10 (PO10) wheel passes and the area shares for more than 5 passes and 8-Mg wheel load (5P8L). Only the significant 
results are shown.
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while IER shows small deviations. If the individual ma-
chines are distinguished in the analysis, the scatter is 
even higher (S03.e). By using the model functions, lim-
its can be calculated for a given field geometry index 
to prevent, for example, more than 5% of the area from 
being passed more than five times. Let us assume that 
not more than 5% of the area in the headland should 
be passed more than 5 or 10 times. For the shape index 
IAR and the traffic intensity index PO5, the value of 
IAR should not exceed 0.681% (Figure  6). The IAR 

value for PO10 is only slightly higher at 0.825%. For IER 
and PO5, the IER value is 0.014 and for IER and PO10 
the 5% threshold is. 0.008. The parameter MFD is trans-
formed back from the logarithmic scale in Figure 6 to 
the original scale, resulting in an MFD value of 1.265 
for P05 and

1.223 for PO10 for the 5% area share. Generally, for all 
three geometry indices, a steeper exponential function is 
seen for PO10 than for PO5, which is why the limit values 
for the 5% and 10% area share are narrower.

T A B L E  4   Wilcoxon test for one sample that shows the significant deviations of traffic intensity indices of single machines from the 
mean

Machine Zone Variable Min–Max % p-Value Significance

M225 Complete PO10 (0.0, 0.013) 0.023 **

M300 Complete PO10 (0.0, 0.012) 0.037 *

M225 Headland PO10 (0.0, 0.081) 0.0060 **

M300 Headland PO10 (0.0, 0.070) 0.0212 **

M375 Headland PO10 (0.0, 0.065) 0.0324 *

M300 Infield AP (0.156, 0.400) 0.0431 *

M225 Infield PO10 (0.0, 1.96·10−5) 6.0·10−7 **

M300 Infield PO10 (0.0, 0.001) 0.0266 *

M375 Infield PO10 (0.0, 4.49·10−6) 1.79·10−12 **

M225 Infield PO5 (0.0, 0.008) 1.14·10−6 **

M375 Infield PO5 (0.0, 0.008) 0.0007 **

M300 Infield 5P8L (0.0, 0.023) 0.0027 **

M375 Infield 5P8L (0.0, 0.018) 0.0010 **

Note: The traffic intensity indices are field area proportions of the complete area passed (AP), more than 5 (PO5) and 10 (PO10) wheel passes and the area 
proportions for more than 5 passes and 8-Mg wheel load (5P8L). Only the significant results are shown. *, ** and *** indicate the significance level and are 
clearly assigned to this term in the statistics.

F I G U R E  5   The coefficients of the Spearman correlation between traffic intensity and geometry indices. The traffic intensity indices 
are field area shares of the complete passed area (AP), the wheel load under (LU8) and over 8 Mg (LO8), more than 5 (PO5) and 10 (PO10) 
wheel passes, and the area shares for more than 5 passes and 8-Mg wheel load (5P8L). The shape indices are represented by the mean 
interior edge ratio (IER), the standardized IER (SIER), the sphericity (Sph), the field shape index (Sind), the mean fractal dimension (MFD), 
the fractal dimension (FD), the area envelope (AE) and the interior area ration (IAR)
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      |  243AUGUSTIN et al.

F I G U R E  6   Calculated regression function for the correlation between shape indices and traffic intensity indices for the headland. The 
traffic intensity indices are the passed area with more than 5 (PO5) and 10 (PO10) wheel passes and the shape indices are the mean interior 
edge ratio (IER), the interior area ratio (IAR) and the mean fractal dimension (MFD). Plotted with the determined uncertainty of the model 
function using the lmfit package for Python. Also shown are those lines (in red) at which more than 5% and 10% of the area have been 
passed with more than 5 or 10 passes. MFD was logarithmized in the figure and in the function to show the function variables at a lower 
level and thus more clearly
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4   |   DISCUSSION

4.1  |  The influence of machine type on-
field traffic intensity

Both the selection of machines and the field geometry 
have an influence on the traffic intensity. The influence 
of the machines is mainly because of the wheel load distri-
bution and the total field area passed, which are defined 
by the weight and working width characteristics of the 
machines. Comparing the headland with the infield, the 
headland shows significantly higher variation within the 
traffic intensity indices values than the infield. The infield 
represents the core cultivation area for the crop, which 
generally shows a lower traffic intensity than the head-
lands (Augustin et al., 2020; Duttmann et al., 2013).

The study shows that the different machines influence 
other traffic intensity indices than the field geometry in-
dices do. The type of combined harvester mainly deter-
mines the wheel load distribution and the total passed 
area (Figure  4), which seems to be independent of the 
field geometry. This is reasonable because the passed area 
declines with the increase in working width. Usually, ma-
chines with a larger working width have a higher wheel 
load, which results in a higher load input on a smaller area. 
The question of whether to pass (i) a higher area share with 
lower wheel loads or (ii) a less area proportions with higher 
wheel loads in practice is hard to answer and also depends 
on soil texture, soil moisture and other soil parameters (Gut 
et al., 2015; Lebert & Horn, 1991; Rücknagel et al., 2012).

In the infield, the traffic intensity indices PO10 and 
PO05 differ between M300 and the other two machines. 
This is because the headland width during route planning 
(24 m) does not match the width of the headland (27 m) 
during traffic intensity analysis. Multiple wheel passes 
from the headland thus influence the analysis in the infield 
traffic from M300. The passed areas at the border between 
headland and infield within the 24 m width are partly 
added to the infield traffic intensity during the analysis.

The parameter 5P8L shows significant deviations 
from its mean value in the infield (Table 4). Correlations 
with the geometry occur mainly in the headland. No sig-
nificant differences between the machines can be deter-
mined for 5P8L either. Since, it can be assumed that 5P8L 
is mainly defined by the wheel passes, i.e. PO5, and not 
the load over 8 Mg. In general, the selection of a thresh-
old for wheel load is challenging as high weight differ-
ences between the individual machines exist. M225, for 
example, never reaches the wheel load of 8  Mg. If the 
threshold value had been set to 5  Mg, as was used by 
Augustin et al.  (2020), M225, M300 and M375 would 
almost always exceed this value because of wheel loads 
starting at 5.09 Mg at the front axle (S04). For this reason, 

the threshold values were chosen according to Pulido-
Moncada et al. (2019) who observed that multiple wheel 
passes of 8 Mg can have negative effects on the subsoil.

4.2  |  The influence of field geometry on-
field traffic intensity

The analysis revealed that the field geometry has a major 
effect on the number of wheel passes in the headland. In 
contrast, the traffic intensity in the infield is less affected 
by field geometry. More frequent passes are always associ-
ated with higher summed wheel loads because each ad-
ditional pass often leads to an additional pressure input 
of several Mg. Consequently, with each extra wheel pass, 
additional pressure is transmitted and propagated into 
the subsoil and can lead to harmful subsoil compaction 
(Becerra et al.,  2010; Botta et al.,  2009; Naderi-Boldaji 
et al., 2018; Pulido-Moncada et al., 2019).

The IER, IAR and MFD have proven to have a sig-
nificant effect on traffic intensity indices. Trends in the 
results show that the smaller the headland is in relation 
to the infield (IAR) or the shorter the length of the pe-
rimeter is relative to the field size (IER), the larger the 
percentage of area with more than 5 and 10 passes in the 
headland. The infield shows only minor correlations be-
tween wheel pass frequency and field shape as repeated 
wheeling is usually avoided in the core cultivation area 
during harvest. However, in practice or with other plan-
ning parameters in route planning, the bunker volume 
may not be adapted to the length or width of the field. In 
this case, it may be necessary to turn around in the mid-
dle of the field in order to drive to the unloading point 
(cf. Duttmann et al.,  2013). This is especially the case 
the larger the field becomes and can lead to a higher 
number of wheel passes in the infield. The higher cor-
relations for M300 in the infield between the traffic in-
tensity indices PO5, PO10 and the shape indices IER, 
IAR and MFD are explained in the previous sections. 
The mean fractal dimension, MFD shows that the area 
fraction of P05 and P10 increases with increasing com-
plexity (decreasing MFD). The more complex the geom-
etry, the more turning and driving manoeuvres occur on 
the field, resulting in higher traffic intensities.

Previous studies analysing the influence of field shape 
on agricultural traffic also showed an influence of the 
shape indices IER and IAR on different parameters of 
effective traffic. Luck et al.  (2011) found that when the 
IER becomes larger, the overlap of tracks in spraying ap-
plication increases. Griffel et al. (2020) revealed that time 
efficiency during grass crop harvest decreases when area 
relative to volume increased (decreasing IER). Based on 
Griffel et al. (2020) and Luck et al. (2011), increasing area 
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relative to perimeter has a positive effect on both overlap 
and time efficiency. In contrast, this study reveals a nega-
tive effect on traffic intensity by increasing multiple passes 
when IER decreases. In reflection with the literature, we 
see that the effect of geometry cannot be applied equally 
to varying work processes. They should be differentiated 
both in the parameter investigated to measure the effec-
tiveness or intensity and the work process. In the case 
studies from Griffel et al.  (2020) and Luck et al.  (2011), 
spraying and harvesting with overloading vehicles are 
working processes where the headland is mostly used for 
turning the main machine only. In our study, the combine 
harvester itself carries the threshed wheat from the field to 
an unloading point outside the field and accordingly has to 
pass the headland several times. How often this unloading 
occurs depends on the size of the field. A large headland 
in relation to the infield size leads to fewer passes from 
the field and more space in the headland for manoeuvring. 
Similarly, when the perimeter becomes longer in relation 
to the total area. Both avoid multiple wheel passes (over 
5 and 10 times) in the headland. In future analyses, the 
headland could be divided into different zones, as was 
demonstrated by Sparkes et al. (1998); Ward et al. (2021). 
They distinguished the headland into the turning zone, 
the transition zone and field edge. This may allow a more 
accurate traffic intensity analysis within the headland.

To avoid or mitigate high traffic intensities in the head-
land during winter wheat harvest, the transport routes 
could be optimized so that a smaller area is covered. For 
instance, increasing the field access points would reduce 
the transit distance inside the field. However, the installa-
tion of several access points might be restricted by the field 
characteristics, especially by vegetated or built-up field 
boundaries, as is often the case in the study area. Another 
consideration is to keep the area with frequent passes 
below a certain level and adjust the field size accordingly. 
For example, fields could be arranged so that the ratio of 
infield to total field is about 67% to avoid an area more 
than 5% being passed more than 5 times (cf. Figure 6).

4.3  |  Modelling, planning 
assumptions and shape indices

A route planning tool (Focke Martinez et al.,  2021) was 
used to generate approximations of machine trajectories for 
several field shapes in an automated manner. However, it 
is important to notice that the traffic analysis was done on 
routes that were generated following the edge-cost function 
presented in this paper. Different definitions of this func-
tion could result in different machine routes, which would 
influence the results of the traffic analysis. Additionally, 
the route planner was set to schedule unload operations 

only when the tracks are completely harvested. This set-
ting, together with the used edge-cost function, forces the 
planner to generate paths avoiding turns inside the infield. 
Moreover, the route-planning tool is not free of limitations: 
the machine's turning radius is not considered during the 
graph-based path planning process, which can result in 
turns that are impracticable or inadequate for the machine. 
Furthermore, special turning manoeuvres during harvest-
ing segments are not supported by the planner, for exam-
ple, when turning while harvesting the headland. Since 
we did not record the real traffic in this study, the turning 
manoeuvres cannot be validated for accuracy as was done, 
for example, with the turning manoeuvres in Augustin 
et al.  (2019). The real travelled tracks and thus traffic in-
tensities can only be reconstructed by modelling the tracks 
recorded, e.g. by GPS (cf. Augustin et al., 2020; Duttmann 
et al., 2013; Kroulík et al., 2009; Kroulík et al., 2011).

The shape indices used are mainly based on landscape 
metrics indicators but are also used in a variety of other 
research areas where the structure of the geometry matters 
or is being investigated. In this case, the selection of the 
shape indices indicates that the harvester's traffic intensity 
tends to correlate with the geometry indices, which are de-
pendent on the size or perimeter of the field, e.g. the IER 
or IAR. The indices that describe the shape complexity, e.g. 
the FD, Sph or the Sind (cf. Table 2), have less influence on 
the traffic intensity, except for the MFD. In future, other 
geometry-describing indices could be included to extend 
the analysis. Thus, also the indices for traffic intensity as, 
for example, the traffic intensity index by Arvidsson and 
Håkansson (1991), which is assembled by distance driven 
and machine weight. The traffic intensity indices represent 
indicators for the stress on the field and how they differ 
in terms of machine and field geometry. The selection is 
derived from given literature. The values and thresholds 
for traffic intensity analysis are not fixed. In reality, they 
are dependent on prevailing soil conditions in the field. For 
example, the moisture at the time of driving and the soil 
resistance or precompression stress (e.g. Gut et al., 2015; 
Lebert & Horn,  1991; Rücknagel et al.,  2012). However, 
when planning work processes in the field, it is good to 
know which conditions (field structure, machine) funda-
mentally influence the traffic intensity. In this way, unnec-
essary impact on the field can be avoided in advance.

5   |   CONCLUSION

The analyses show that both (a) the size of the machine 
and (b) the geometry of the field structure have a sig-
nificant influence on the traffic intensity during winter 
wheat harvest in the field. The machine size mainly influ-
ences the parameters of total passed area and wheel load 
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distribution, while the geometry of the field primarily 
affects the area with high wheel pass frequencies in the 
headland. Hence, the larger the area relative to the head-
land and perimeter, the more often the headland will be 
passed by a combine harvester to transport the crop off the 
field. In order to reduce field traffic intensity, the provided 
regression function may support to identify optimal fractal 
dimension and infield or perimeter to area ratios to avoid 
a large share of high traffic intensities in the headland and 
give indications for potential re-shaping of the field.

The results of this study provide a scientific basis for the 
area-specific estimation of traffic intensities and, deriva-
tively, soil degradation risks. To our knowledge, previous 
studies on geometry and traffic intensity are mainly focused 
on efficient work planning and do not investigate the effects 
of changing intensities on the field. However, these are 
worth investigating, especially with regard to the upcom-
ing climatic and social changes, in order to be able to make 
assessments and forecasts of intensity in agriculture. There 
have been some studies on the spatial assessment of soil 
compaction risks (e.g. Kuhwald et al., 2018; 2022). These 
could be further refined with information on the influence 
of different geometries and machine configurations.

The results also provide indications of measures to 
consider in terms of machine configuration and field ge-
ometry in order to minimize the intensity of field traffic 
in practice. The avoidance of high intensities by agricul-
tural traffic is becoming more and more important and 
represents a wide-ranging challenge in agriculture, as it 
is nowadays very much focused on effectiveness. Further 
research should be extended to other work processes and 
machinery. Those results could contribute to a decision 
support system (DSS), or part of a DSS, which assists farm-
ers and practitioners in fieldwork planning.
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