
Fig. 2.: The left panel shows the predicted deminishing fragmentation effect of 

multiple passes with the same implement. The right panel shows the 

minimum energy required to produce a seedbed with at least 2 m2 kg-1 of 

specific surface area of two textural classes at different water contents.

Set of equations to predict tillage outcome
Soil tillage is the deliberate mechanical modification
of soil structure and represents one of the largest
intentional geo-engineering activity on Earth [1,2].
Current approaches to predict tillage outcome remain
largely qualitative or implement-specific, limiting the
predictive power across soils and operating
conditions. Evidence shows that soil water content
and intrinsic soil properties dominate fragmentation
outcomes [3,4], motivating a physically based, energy-
centered tillage equation (Eq. 1) that was
parametrized and tested with data from the literature.
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The mechanic energy provided by tillage operations
(𝑊) is partitioned into three processes: soil frag-
mentation (𝑬), moving soil fragments (𝑺), and
plastic deformation of the soil (𝑷) (Eq. 2).

References:
1 – Gill and Vanden Berg, 1968. Soil Dynamics in Tillage and Traction

2 – Or et al., 2021. doi: 10.1016/j.still.2020.104912

3 – Dexter and Birkas, 2004. doi: 10.1016/j.still.2004.07.011

4 – Berntsen and Berre, 2002. doi: 10.1016/S0167-1987(01)00251-3

5 – Hallet and Newson, 2005. doi: 10.1016/j.still.2020.104912

6 – Atterberg, 1911. Int. Mitt. für Bodenkunde 1, 10-43.

7 – Harison et al., 1994. doi: 10.1061/(ASCE)0733-9410(1994)120:5(872) 

8 – Ojeniyi and Dexter, 1979. doi: 10.13031/2013.35157

9 – Obour et al., 2017. doi: 10.1111/sum.12340

10 – Perfect et al., 1993. doi: 10.1016/0167-1987(93)90022-H

11 – Gupta et al., 1991. doi: 10.1016/0167-1987(91)90045-Y

12 – Brouwers, 2016. doi: 0.1103/physreve.94.012905

13 – Arya and Paris, 1981. doi: 10.2136/sssaj1981.03615995004500060004x

14 –Leij et al., 2001. doi: 10.2136/sssaj2002.1104

15 – Chandrasekhar et al., 2019. doi:10.1016/j.geoderma.2019.07.017

Link to soil structure dynamics & water retention
The predicted soil fragment surface area can be
transformed to pore size distributions and water
retention characteristics (Fig.3) by assuming a
Weibull distribution of spherical soil fragments after
tillage [10-13]. In a next step, our model could be
coupled to models for soil consolidation [14,15] to re-
present soil structural dynamics in soil–crop models.

Examples of model application
The parametrized model successfully reproduced
well-known patterns. For example, the diminishing
effect of subsequent tillage operations (Fig. 2) [4,8] or
the contrasting behaviour of soils with different
textural classes [9]. Clay soils showed a narrower
tillage range and a higher tillage energy needed to
produce a good seedbed than Loam soils (Fig. 2).

Eq. 1: The tillage equation predicts the specific fragment surface area after

tillage (𝐴𝑓) as a function of the tillage energy input (𝑊), the preexisting

surface area (𝐴𝑖) and the gravimetric water content of the soil (𝜃).

𝐴𝑓 = 𝑓(𝑊, 𝐴𝑖 , 𝜃)

The new surface that emerges from tillage (∆𝐴 ) is
proportional to the energy available for
fragmentation and the water content dependent
bonding strength (𝛼) of the soil particles (Eq. 3)[5].
The share of energy diverted to plastic deformation
increases with water content dependent soil plasticity
(Fig. 1)[6,7]. The energy dissipating from the system
by moving existing soil fragments increases with
increasing fragmentation of the soil (Fig. 1)[4,8].

𝑊 = 𝐸 + 𝑆 + 𝑃

𝐸 =  ∆𝐴 ∙ 𝛼 = ∆𝐴 ∙ 𝜎𝑠 ∙
𝑙𝑏𝑝

2
Eqs. 2, 3: Energy partitioning between different processes. The energy needed to

fragment the soil (𝐸) is proportional to the newly created surface area

(∆𝐴 ). The energy needed to create a specific amount of surface area (𝛼)

in turn depends on the bonding strength between soil particles that is

governed by the suction stress (𝜎𝑠 ) acting on the particles and the

distance need to separate the soil particles (𝑙𝑏𝑝).

Fig. 1.: The partitiong of tillage energy (𝑊) between different processes depends on 

the water content (𝜃) and the current fragmentation of the soil (𝐴𝑖). 𝑤𝐿𝑇𝐿 and

𝑤𝑈𝑇𝐿 represent transition limits of soil plasticity, whereas 𝐴∗ is the threshold

value above which moving of soil fragments is increasingly relevant.

Fig. 3.: The specific surface area of soil fragments can be transformed to tillage 

pore size distributions with the model of Arya and Paris [13] if assumption 

about the geometry and size distribution of soil fragments after tillage are 

made (left panel). The pore size distribution can then be translated into 

water retention curves of the soil structure produced by tillage.  
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