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Introduction
An indicator of the soil structure has been proposed by Manichon (1987) to assess the effect
of cropping systems on the changes in the tilled layer structure. This indicator, called ∆, is the
percentage of zones with a massive structure and no visible macropores in the tilled layer.
These ∆ zones are either compacted zones located under the wheel tracks or clods created
when these zones are fragmented during tillage or by climate action. The proportion of ∆
volumes increases when compaction occurs, decreases by fragmentation and changes also
with soil displacement (during plowing) when ∆ clods coming from different parts of the
profile are mixed. Those modifications depend, for a given texture (i) on the soil conditions
(structure and moisture content) at the time of tillage, (ii) on the characteristics of the
equipment used (axle load, tire characteristics, working width, speed…) and (iii) on the
location of the compacted volumes in the soil profile (Richard et al., 1999 ; Boizard et al.,
2013). This paper presents a new approach of soil structure modeling, based on the simulation
at the field scale of the time course changes of the proportion of ∆ volumes within the tilled
layer, in mechanized cropping systems, where the main factors responsible of this evolution
are anthropic.
Material and method
The system modeled corresponds to a two-dimensional soil profile, the depth of which is that
of the moldboard plowing. The profile width is defined by the user. The soil profile is
represented in the model as a set of 1 cm x 1 cm pixels, regularly located on a square grid (1
cm). Each pixel is defined by its co-ordinates and a specific structure, ∆ or non-∆
∆. The pixel
co-ordinates are modified during plowing, for which the model calculates the lateral and
vertical displacement of the soil. The structure of any individual pixel can be changed,
depending on the soil condition and the kind of operation. The number of ∆ pixels is
computed by the program after each operation. As each pixel represents an area of 1 cm², the
total number of ∆ pixels corresponds exactly to the total area with a ∆ structure in the
modeled profile. The percentage of ∆ areas is calculated as the ratio of the ∆ pixels to the total
number of pixels in that part of the plowed layer beneath the superficial tilled layer. The
representation of the movement of the furrow during plowing shown in Figure 1 was used to
model soil cutting and displacement. The furrow slice cut by the moldboard plow moves in a
plane perpendicular to the direction of plowing as shown in Figure 1. This movement
comprises two successive rotations of the furrow slice and ceases when the angle of
inclination between the furrow slice and the plow pan is such that its sine is the ratio of depth
to width of the tillage. The furrow slice in fact breaks during this movement. This was
modeled by separating the furrow slice into smaller slices which slide downwards until they
reach the plow pan. This representation allowed us to calculate the final vertical and
horizontal co-ordinates of any pixel as a function of its initial co-ordinates, the plowing depth
and the plowing width.
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Figure 1: Furrow movement during plowing.
A model of soil compaction (SOILFLEX) was used for predicting the width and depth of the
∆ zones as a function of machinery characteristics and soil conditions at the time of traffic.
The depth of the weathering process was computed from the soil moisture content evolution.
Results and discussion
The general trend of the change in the percentage of ∆ areas with time was correctly
simulated by the program and the model accurately predicted the order of magnitude of the
percentages of ∆ areas measured on a long term field trial. This model is based on a
morphological description of soil structure, as it was proposed by Manichon (1987). This
morphological approach has proven to be useful for studying the effect of cropping systems
on soil structure and could be complementary of other approaches based on the evaluation of
indicators linked only to the compaction process. The combination of this approach and image
analysis has allowed us to quantify soil structure. The percentages of ∆ areas in experimental
plots showed a marked difference in soil structure dynamics, and the higher percentages were
found in the plots where the risks of compaction caused by the cropping system were at a
maximum. This percentage is thus sensitive to experimental treatment, which is essential for
modeling changes with time in soil structure. Compaction does not, however, provide a
complete interpretation of the changes in the indicator: the percentage of ∆ areas at a given
moment is the result of a balance between creation and loss of ∆ volumes. Displacement
during plowing also plays a role, bringing ∆ clods from the bottom of the plow layer to the
soil surface. Concerning the action of a moldboard plow, there have been few studies on soil
displacement due to this tool. We took a two-dimensional geometrical approach, although we
know that there is also forward displacement during plowing.
Conclusion
The simulations agreed well with the observed trends in the changes in the percentage of ∆
areas with time. The model we have developed can be used to study variation in structure of a
loamy soil at the field scale. It can be used to compare different technical choices (e.g.
occasional omission of plowing, changes in the scheduling of field operations) under the soil
and weather on which it was tested.
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