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ARTICLE INFO ABSTRACT

Tillage greatly modifies soil structure, yet existing approaches to modelling tillage-induced soil structural change
remain largely qualitative or over-simplified. Here, we present a quantitative, energy-based reformulation of the
classical tillage equation that predicts soil fragmentation from the initial soil state and the applied energy. The
new model partitions tillage energy into surface creation through fragmentation, displacement of existing soil
fragments, and plastic deformation of the soil. Soil moisture and mechanical properties control the energy
partitioning among these processes. As fragmentation progresses, an increasing proportion of tillage energy is
dissipated through the displacement of existing fragments, whereas at elevated soil water contents energy is
consumed by plastic deformation. Soil fragmentation resulting in the creation of new fragment surface area
scales with the remaining energy. Literature-derived soil fragmentation data from drop-shatter tests and tillage
experiments were used for model parameterisation. The model was subsequently evaluated against separate,
independent literature datasets not used for parameterisation, covering tillage-induced soil fragmentation across
a range of soil conditions. Illustrative applications demonstrate the model’s ability to capture (i) the texture-
dependent soil workability range and (ii) the diminishing effectiveness of repeated tillage operations. We
outline how the model-derived fragment surface area can be linked to fragment size distributions under
simplifying assumptions. Assuming spherical fragment geometry and a Weibull distribution of fragment sizes
allows an estimation of the tillage-induced pore size distribution. Altogether, our physically grounded model
provides a basis for predicting tillage-induced soil structural change and can be incorporated into agroecosystem
models. Further model refinement would benefit from datasets that jointly quantify tillage energy input, soil
water status, as well as pre- and post-tillage soil structure and hydraulic properties, enabling a more mechanistic
description of the transition from brittle fragmentation to plastic deformation.

Dataset link: Dataset and Software to support
"An energy-based model of soil fragmentation
by tillage"

Keywords:

Atterberg limits
Unsaturated soil mechanics
Pedotransfer functions
Aggregate size distribution
Soil hydraulic properties
Specific Draught

Soil Erosion

Infiltration

1. Introduction

Soil tillage is the deliberate modification of soil structure to meet the
requirements of crop production (Gill and Vanden Berg, 1968; Kuipers,
1963). Its primary objectives include seedbed preparation, improvement
of root growth conditions, weed control, incorporation of soil amend-
ments, and regulation of soil water and aeration (Carter and McKyes,
2005). These objectives are achieved through soil loosening, fragmen-
tation, mixing, and inversion, depending on the type of implement.
Tillage implements can be broadly grouped into tools for primary tillage,
seedbed preparation, weed control and stubble cultivation (ASABE,

2009; Bischoff et al., 2020), which differ in how strongly they induce
these processes. At a fundamental level, all processes are governed by
the transfer of mechanical energy from the implement to the soil.
During tillage, this energy is partitioned into (i) breaking inter-
particle bonds and generating new fragment surface area, (ii) mobilis-
ing soil fragments, and (iii) plastically deforming the soil. Fragmentation
increases specific fragment surface area, while fragment displacement
dissipates energy through friction. Under wet conditions, a substantial
proportion of the applied energy is instead consumed by plastic defor-
mation of soil fragments (Gill and Vanden Berg, 1968). The interplay of
these processes complicates a unified and predictive description of
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tillage outcomes.

To conceptualise the observed behaviour, Gill and Vanden Berg
(1968) introduced the so-called “tillage equation” (Eq. 1), which states
that the final soil condition (Ss) can be expressed as a function of tool
shape (T;), tool motion (T,;,) and the initial soil state (S;).

Sf :f(TS7Tm7Si) (€D)]

While this formulation provides a valuable conceptual framework, it
remains qualitative, and the need for quantitative descriptors of both
initial and final soil states has long been recognised.

Over the past decades, substantial effort has been devoted to quan-
tifying aspects of the tillage equation. Studies have investigated soil
structural changes during tillage, as summarised by Unger et al. (1982),
Roytburg and Chaplin (1995), Dexter and Birkas (2004), and Obour
et al. (2017). These studies show that soil properties, particularly
texture and water content at the time of tillage, exert a stronger control
on the resulting soil fragmentation than the details of the implement
used. Sandy soils tend to fragment readily across a wide range of water
contents (Miiller et al., 2011). By contrast, clayey soils tilled under
excessively wet conditions form large, cohesive clods, whereas they
resist fragmentation due to high cohesion when dry (Ojeniyi and Dexter,
1979a; Berntsen and Berre, 1993; 2002; Keller et al., 2007). Further-
more, the efficiency of soil fragmentation is highest during the first
tillage pass and decreases with successive operations (Ojeniyi and
Dexter, 1979b; Berntsen and Berre., 2002). This behaviour is reflected in
a log-log linear relationship between the energy required for fragmen-
tation and fragment size (Gill and McCreery, 1960; Munkholm et al.,
2002), consistent with the size-dependent likelihood of encountering
pre-existing fracture planes within the soil (Dexter and Watts, 2000;
Hallett and Newson, 2005). Despite these insights, a unified predictive
framework is still lacking, thereby limiting the mechanistic represen-
tation of tillage-induced soil structural change in agroecosystem models.

Agroecosystem models increasingly represent changes in soil phys-
ical properties, yet soil structural dynamics are often described in an
oversimplified manner. In many models, tillage effects are implemented
through modification of bulk density and translated into water retention
characteristics using pedotransfer functions, as reviewed by Maharjan
et al. (2018), implicitly reducing structural change to a single scalar
parameter. Such simplified approaches neglect that the effects of
different soil structure-forming processes, such as tillage and subsequent
consolidation, biopore formation by growing roots and faunal burrow-
ing, and traffic-induced compaction, can result in different pore size
distributions and pore connectivity at the same bulk density. This
highlights the need to explicitly represent soil structural effects on pore
size distribution and hydraulic properties (Ahuja and Green, 2022).
While recently developed agroecosystem models begin to account for
soil structural dynamics (Konig et al., 2023; Jarvis et al., 2024; Vdo-
venko et al, 2026), a physically consistent linkage between
tillage-induced soil fragmentation and the resulting pore system char-
acteristics remains absent. This limitation is particularly striking given
that tillage represents the largest intentional geoengineering activity on
Earth (Or et al., 2021). In contrast to soil consolidation, for which
empirical and mechanistic models exist (Leij et al., 2002; Or and
Ghezzehei, 2002), no comparable framework is available to characterise
the pore size distribution resulting from tillage-induced fragmentation.

In this study, we develop, parameterise, test, and apply a parsimo-
nious tillage model that synthesises key insights from more than six
decades of research following the original formulation of the tillage
equation (Eq. 1) by Gill and Vanden Berg (1968). The model is inten-
tionally kept as simple as possible while retaining the essential mecha-
nisms governing soil fragmentation, providing a framework that can
readily be refined and extended as improved mechanistic understanding
and experimental data become available. Grounded in principles of soil
mechanics, the model describes fragmentation as a function of energy
input and initial soil state, with parameters derived from literature data.
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It is applied to predict fragmentation across soils and tillage conditions,
and to link fragment surface area to pore size distribution and soil hy-
draulic properties.

2. Model formulation
2.1. Fundamental concept

We reformulated the tillage equation (Eq. 1) to express the final
specific fragment surface area (A¢ [mz kg’l]) as a function of tillage
energy input (W [J kg~']) and the initial soil conditions, expressed as
gravimetric water content (w [kg kg_l]) and initial specific fragment
surface area (A; [m? kg’l D:

Ar =f(W,w,A) [m® kg™ (2)

This reformulation shifts the focus from tool-specific descriptions
toward an energy-based representation of soil structural change. Tool
shape and motion are no longer treated as explicit predictors; their ef-
fects are implicitly accounted for through the different quantities of
energy transferred to the soil by different tillage tools.

We assume that the total energy supplied to the soil during tillage
(W) is partitioned among three distinct processes (Fig. la): plastic
deformation of soil fragments (P), displacement of existing fragments
(S), and fragmentation of soil into smaller fragments (E).

W=P+S+E [J kg''] 3

The relative contribution of each process depends on the initial soil
state at the time of tillage: P increases with w, whereas S increases with
A; and decreases with w (Fig. 1b & c). The remaining energy, E, drives
fragmentation, thereby increasing the final specific fragment surface
area.

2.2. Plastic soil deformation (P)

Plastic deformation occurs when soil water content is sufficiently
high for the soil to exhibit plastic rather than brittle behaviour. Classical
soil mechanics identifies characteristic water contents (the shrinkage
limit, the plastic limit, and the liquid limit) that delineate these regimes
(Atterberg, 1911; Casagrande, 1932). Soils are brittle at water contents
below the shrinkage limit, exhibit plastic behaviour at water contents
above the plastic limit, and occupy an intermediate mechanical state
between these limits (Harison et al., 1994).

To operationalise this concept, we introduce a water-content-
dependent fraction (p) of the applied tillage energy (W) that is dissi-
pated through plastic deformation (P). This fraction is described by a
logistic function that transitions from zero to unity over the water
content range between wg;, and wp;, (Egs. 4 and 5, Fig. 1c). A scale factor
 of 15 provides a smooth transition between these consistency limits
and avoids unrealistically abrupt changes in predicted tillage outcomes.
Although the choice of a logistic function and the value of @ are heu-
ristic, they represent a parsimonious approximation that can be refined
if experimental data on the transition between brittle and plastic
behaviour of soil become available.

P=pxW [J kg (4)
0 ,ifw <wg
1 .
,lfW5L<W<WpL

p= ( ( — 7;) > 5)
1te wpL—Ws, 2

1 ,if w>wp

where wg;, and wp, are the water content at the shrinkage limit and
the plastic limit, respectively, and p is the plastic deformation factor
ranging from O to 1.
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Fig. 1. Partitioning of tillage energy input into plastic deformation, displacement of fragments, and soil fragmentation depends on the soil water content (w) and
initial specific fragment surface area (A;). (a) The colour of the A;-w-plane indicates the dominant process. A colour vision deficiency friendly version of this figure is
provided as Fig. S1. (b) The effect of increasing A; on the partitioning of an infinitesimal energy increment between fragmentation and displacement in a dry soil,
where plastic deformation is negligible. A. is a fitting parameter describing the maximum achievable specific surface area. (c) Effect of increasing w on the parti-
tioning of an infinitesimal energy increment among all three processes for a soil with 0 < A; < A.. wg, and wp, denote the water content at the shrinkage and the

plastic limit, respectively.
2.3. Soil fragmentation (E)

The energy required to create new fragment surface area depends on
material strength and fracture strain, both of which vary with soil
texture and water content (Berntsen and Berre., 2002). Building on this
knowledge, we propose an approach that derives the energy required for
fragmentation directly from soil texture and water content.

The increase in specific fragment surface area (4A = A; —A; [m?
kg~11) is assumed to scale linearly with energy available for soil frag-
mentation (E). The proportionality is governed by the strength of the
inter-particle bonds, a [J m~2], that must be overcome during fracture:

E=axAMM=ax (Ar—A;) [J kgl ©)

We relate a to the apparent cohesion generated by the suction stress,
6; [Pa = N m~2], which arises from capillary forces acting at water
menisci between soil particles. Apparent cohesion refers to capillary-
induced bonding in unsaturated soils, whereas true cohesion denotes
intrinsic inter-particle bonding that is independent of water content. For
simplicity, true cohesion is neglected, and the stress required to separate
soil particles, o, is assumed to increase linearly with separation distance [
up to a critical length I, at which bond failure occurs at ¢ = o, (Eq. 7).

ltp
a:/ o dl=o,x® m? %)
=0 2

2.4. Displacement of soil fragments (S)

As soil fragmentation progresses, the efficiency with which addi-
tional tillage energy creates new fragment surface declines, and an
increasing proportion of the input energy is dissipated through the
displacement of existing soil fragments rather than generating addi-
tional fragmentation. This behaviour arises because smaller fragments
are more readily displaced and exhibit greater stability due to the lower
probability of pre-existing fissures (Munkholm et al., 2002; Dexter and
Watts, 2000; Hallett and Newson, 2005).

The energy available for fragmentation and displacement (Wgs [J
kg 11) is given by the total tillage input energy minus the fraction
dissipated through plastic deformation (Wgs = E+ S = W — P). We
assume that the partitioning between fragmentation (E) and displace-
ment (S) depends on the existing specific fragment surface area (A). As
only limited experimental data are currently available to constrain this

partitioning, we assume an upper limit of soil fragmentation (A,
Fig. 1b), towards which the fragmentation efficiency is progressively
diminishing and ultimately approaching zero. To this end, we define the
fraction of energy that contributes to creating new surface, fz(Wszs), and
the fraction that is dissipated through displacing fragments, fs(Wks),
where fz(Wgs) + fs(Wgs) = 1. With increasing energy input Wgs, i.e.
with increasing cumulative fragmentation, the fraction of energy
consumed in the creation of new surface area is assumed to decrease
according to:

Wes
fe(Wgs) =e W-, and (8)
fs(Wgs) =1 — fg(Wrs) (C)]

where W, is the total fragmentation energy required to attain the
postulated maximum specific surface area A, beyond which all addi-
tional energy is dissipated through displacement of existing soil frag-
ments (W, = A, x a). A, is treated as a fitting parameter that controls
the upper limit of attainable soil fragmentation (Fig. 1b). Although A,
might depend on factors such as texture, water content, and soil cohe-
sion, the currently available experimental data are insufficient to derive
a more mechanistic relationship. Future experiments should test
whether A, could be expressed as a function of measurable soil
properties.

Reformulating Eq. 6, £=dA can be interpreted as an energy-to-
surface conversion factor, so that

dA = é/fE(W) dw [m? kg (10)

This implies that the specific surface area is determined by the cu-
mulative energy imparted to the soil during loosening. Accordingly, the
relationship between the initial specific fragment surface area, A;, and
the initial energy content, W, is given by:

w;
Ai:/ ’@ aw [m? k'] an
0
The final specific fragment surface area after tillage, Ay, is deter-

mined by the sum of the initial specific fragment surface area, A;, and the
additional surface created by the added energy, Wgs:
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WEes
Af = Ai + M dw [mz kgil} (12)
w, a
For operationalisation, the integral in Eq. 11 can be solved analyti-
cally and inverted to obtain W; as a function of A;, A,, and a:
A X a
W, = —log(l — ‘T) x W,
(13)

— _log (1 7%> X (A, xa) [J kg

%

Likewise, the integral in Eq. 12 can be solved analytically to express
Ay as a function of Wgs, W;, A, and a:

Wit Wis w.
Ar=|1—-e W = X P
as
Wit W 1
=|1-ed x a| xA, [m® kg

3. Model implementation, parametrisation, and validation

The model described above was implemented in R (R Core Team,
2026; Version 4.5.3) and parameterised using data compiled from the
literature (Heller, 2026). All input variables and parameters contained
in the model are listed in Table S1 for better overview.

3.1. Suction stress (o5)

Several formulations have been proposed to describe suction stress
(o5) in unsaturated soils needed in Eq. 7, ranging from classical effective
stress concepts to more recent thermodynamically based approaches
(Terzaghi, 1943; Bishop, 1959; Aluko and Koolen, 2000; Alonso et al.,
2013; Greco and Gargano, 2015; Lu, 2020; Salimi et al., 2021). In this
study, we adopted the parsimonious formulation proposed by Bishop
(1959), in which o5 is expressed as the product of matric potential ()
and degree of pore saturation (y):

os(w) = y(w) x y(w) [Pd] (15)

This formulation provides a direct link between suction stress and
soil hydraulic properties that can be readily derived from pedotransfer-
function-based soil water retention characteristics.

In the implementation presented here, parameters for the Van
Genuchten., (1980)) water retention model (Wsquration, Mvgand ayg)
were derived from soil texture, soil organic carbon content (SOC), and
bulk density (p,) using the pedotransfer functions of Wosten et al. (1999)
and a residual water content (Wyesiguar) of zero for all soils. If necessary, p;,
for given combination of soil texture and SOC was estimated as the
median of a pedotransfer-function ensemble prediction (Curtis and Post,
1964; Alexander. 1980; Federer, 1983; Huntington et al., 1989; Man-
rique and Jones, 1991; Tomasella and Hodnett, 1998; Bernoux et al.,
1998; Men et al., 2008).

3.2. Distance between soil particles at breaking (I,)

The characteristic displacement length I, required for bond failure
and surface creation in Eq. 7 was inversely determined on drop-shatter
test data obtained from dry soils, as under dry conditions energy losses
due to plastic deformation (P) and fragment displacement (S) can be
considered negligible. Consequently, the entire input energy can be
assumed to be expended in the creation of new fragment surface area (P
=8 =0 — W = E). A value of l;,= 0.2 mm was determined by fitting
model predictions to the drop-shatter experiments conducted by Hadas
and Wolf (1983) and Berntsen and Berre (1993). The close agreement
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between the measured and predicted values across different soil textures
(Fig. 2) indicates that this I, value provides a consistent representation
of soil fracture behaviour under dry conditions.

3.3. Maximum specific fragment surface area (A.)

Inverse determination of the maximum specific fragment surface
area (A.) above which all additional energy is dissipated through frag-
ment displacement (Eqs. 13 and 14), using data from Berntsen and Berre
(1994) and, (2002), yielded a value of A, =6 m? kg 1(Fig. 3). For a
homogeneous assembly of spherical soil fragments with a density of
1500 kg m~3, this corresponds to a characteristic fragment diameter of
approximately £ mm, suggesting that the obtained A, represents a typical
upper limit of fragmentation achievable under field conditions in arable
topsoils.

3.4. Transition from brittle to plastic behaviour (ws;, and wpr)

The transition from plastic to brittle mechanical behaviour is ex-
pected to occur between the plastic limit and the shrinkage limit of a
soil. This transition is represented in Eq. 5 by two soil-specific water
contents (wgy, wpr), of which wp, was operationally defined by Dexter
and Bird (2001):

Wpr = Winflect +0.4 x (Wsaru.ration - Winﬂect) [kg kgil] (16)

The wpy, corresponds to the onset of substantial air entry into the pore
system and marks a rapid decline in pore saturation (Dexter and Bird,
2001). The inflection point of the water retention curve (W) wWas
determined from the van Genuchten parameters. We defined the
shrinkage limit (wg;) symmetrically with respect to the inflection point
of the water retention curve and the residual water content (Eq. 17).

Wst, = Winﬂect —-0.4 x (Winﬂect - Wresidual) [kg kgil] (17)

Together, wp; and wg; delineate the part of the water retention curve
over which changes in water content per unit change in matric potential
are greatest and approximately linear (Fig. 4). This region corresponds
to the progressive drainage of structural pores and is therefore associ-
ated with pronounced changes in soil mechanical behaviour (Dexter and
Bird, 2001). We found good agreement between wg;, and wp, derived
with Egs. 16 and 17, and pedotransfer-function-derived estimates of the
Atterberg limits (Keller and Dexter, 2012; Knadel et al., 2021; Krabbe,
1958; Mucha and Wojcik, 2013) across all textural classes (Fig. S2).

3.5. Validation against independent data

To evaluate the parametrised model, we collated an independent
meta-database, comprising datasets not used for model parameter-
isation, on tillage-induced soil fragmentation from the literature (Fig. 5).
Specifically, we collected data on energy input (W), resulting specific
fragment surface area (Ay), soil texture, SOC, and w from three published
studies. In total, these studies comprised 72 combinations of tillage
operations and soil conditions.

Initial comparison of measured and predicted surface areas (Fig. 5a)
revealed that the model in general predicted qualitative trends correctly.
However, the model systematically overestimated fragment surface area
in the two Swedish studies that contributed most observations
(Arvidsson et al.,, 2004; Arvidsson and Hillerstrom, 2010). This
discrepancy can be attributed to methodological differences: in the
Swedish studies, surface area was calculated from fragment size distri-
butions using a minimum sieve size of 4 mm, whereas the datasets used
for model parametrisation resolved fragment sizes down to 0.5 mm.
Consequently, a substantial fraction of the fragment surface area was not
captured in the Swedish measurements. To account for this systematic
truncation, the reported surface areas were scaled by a constant factor of
eight. This factor reflects the eightfold difference in minimum resolved
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Egs. 6 and 7 with an I, of 0.2 mm. Silt loam denotes a soil with 25% clay, 55% silt, 1% SOC, a bulk density (p,) of 1400 kg m 2, and a gravimetric water content (w) of
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fragment diameter and the fact that specific surface area scales inversely
with fragment diameter for geometrically similar particles of constant
density. We note, however, that the factor of eight should be interpreted
as a pragmatic correction, not as an exact transformation of the total
fragment surface area. A rigorous correction would require detailed

knowledge of the fragment size distribution, which was not consistently
available in the reported datasets, necessitating a simplified scaling
approach. Following this adjustment, modelled and measured surface
areas showed reasonable agreement across soils and tillage operations
(Fig. 5b), indicating that the model reproduces the overall magnitude
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and major trends of tillage-induced soil fragmentation across indepen-
dent datasets, although methodological differences among the under-
lying studies limit a rigorous quantitative validation. Additional
analyses of the validation data revealed no consistent dependence of the
prediction error on soil texture, SOC, p,, or W. The most consistent
pattern was observed for soil moisture, where the model tended to un-
derestimate the specific fragment surface area created under wet con-
ditions (Fig. S3). Consistent with this observation, model performance
declined with increasing soil water content, as reflected by the larger
RMSE for wet soil compared with the dry and moist soils (Fig. S4). These
results suggest that refinement of the representation of the transition
between brittle fragmentation and plastic deformation (i.e. Egs. 4, 5, 16,
or 17) should be prioritised before introducing additional complexity
into other parts of the model.

4. Model application

We applied the parametrised and tested model to evaluate whether it
can reproduce phenomena observed by farmers and documented in the
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literature (see introduction). The first example was chosen to showcase
the model’s capability to reproduce different tillage outcomes due to soil
texture and water content. The second example investigates how the
model predicts the efficacy of the first and subsequent tillage operations.

4.1. Optimal soil workability range across soil texture classes

The model was applied to predict the minimum energy input
required to achieve an adequate seedbed across different soil textures
and water contents. Based on these predictions, we derived the soil
workability range, defined here as the range of water contents within
which a satisfactory tillage outcome can be achieved with a realistic
energy input of < 150 J kg™ (see Fig. S5 based on the data from Hadas
and Wolf (1983), Berntsen and Berre., (2002), Arvidsson et al. (2004),
and Arvidsson and Hillerstrom (2010)). A target specific fragment sur-
face area of 3 m? kg~! was used as a criterion for a well-fragmented
seedbed. This target value corresponds to soil fragments that follow a
Weibull distribution (see Section 5.1) with a mean weight diameter of
10 mm, a value that Berntsen and Berre., (2002)) considered to consti-
tute a good seedbed. The minimum energy input required to reach this
target surface area was calculated for the twelve USDA textural classes
across the full range of water contents.

The resulting predictions (Fig. 6a) demonstrate strong dependence
on both soil texture and water content, with the highest energy re-
quirements and the narrowest soil workability range observed in clay-
rich soils. The increase in tillage energy requirement with increasing
clay content is reflected in the higher draught forces required for tillage
of fine-textured soils (ASABE, 2011). Such fine-textured soils are often
referred to by German-speaking practitioners as “Minutenboden”
(“minute soils”) highlighting the narrow water content window within
which these soils are suitable for tillage. The narrowing of the soil
workability range with increasing clay content is consistent with ob-
servations by Dexter and Bird (2001) and is reflected in the soil work-
ability chart shown in Fig. 6b originally presented by Petelkau (1984).
The model reproduces the narrowing soil workability range with
increasing clay content well. However, the predicted soil workability
ranges seem to be biased to towards wetter soil conditions (i.e. toward
the right if Fig. 6b). Additionally, the model tends to under- and over-
estimate the workability at high water contents depending on soil

(b)

Apredicted [m2 kg_1]

T T T T
0 2 4 6

2 -1
Ameasuredtransformed [m kg ]

Hadas & Wolf (1983)

Fig. 5. (a) Comparison of literature-derived (Apmeqsureq) and predicted specific fragment surface area (Apregicred) after tillage operations. (b) The literature-derived
measured surface area was transformed to account for methodological differences (Ameasured ransformed)-The colours indicate the study where the measured data
were reported, solid lines represent the regression line of either all data or the data from each source separately, and the dashed lines are the 1:1 line. RMSE refers to
root mean square error, a measure of the distances between observed and predicted values.
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Fig. 6. Predictions of soil workability ranges across soil textures. (a) Minimum energy required to produce a seedbed with a specific fragment surface area of 3 m?
kg~ ! for four soil textures, as a function of water content. (b) Comparison of the model-predicted soil workability ranges with the empirical soil workability chart of
Petelkau (1984), obtained from Miiller et al. (2011), which defines water content ranges suitable for tillage relative to the water content at field capacity (defined by
Petelkau 1984 as a matrix suction of 50 hPa). The model-derived soil workability range is defined as the range of water contents for which a specific fragment surface
area of 3 m? kg~! can be achieved with an energy input of < 150 J kg~ .. Sandy clay soils are omitted to reduce overlap among textural classes and improve clarity.

textural composition. Particularly the wet end of the workability range
of silt-rich soils (Silt, Silt loam) are predicted to be at lower water
content compared to the soil workability chart. This observation is
consistent with the validation results presented in Figs. S3 and S4, which
indicate sharply increasing relative prediction errors as the water con-
tent approaches the soils plastic limit. Our model nevertheless provides
a mechanistic basis supporting the empirical soil-workability chart,
reproducing a narrow soil workability range for clayey soils, and a much
wider range for sandy soils, spanning nearly the entire water content
range below field capacity.

4.2. Diminishing efficacy of successive tillage operations

Repeated harrowing operations are sometimes applied to create a
suitable seedbed for crops. Ojeniyi and Dexter., (1979b)) as well as
Berntsen and Berre., (2002)) documented progressively smaller in-
creases in soil fragment surface area with subsequent operations. Our
model reproduces this characteristic decline in tillage efficacy (Fig. 7a).
In the example shown, the first tillage pass produced the largest increase
in specific surface area (3.2 m? kg’l). Whereas the second and the third
pass increasingly dissipated energy through displacement of fragments

rather than through the creation of new surface area (Fig. 7b) and only
produced an additional surface of 1.3 and 0.6 m? kg1, respectively. The
proportions of these values correspond well with Berntsen and Berre
(1994) who reported an increase of 2.8, 1.5 and 1.0 m? kg’I for the
first, second, and third pass respectively. In the model, this decreasing
breaking efficiency of additional energy (Fig. 7c) is a direct consequence
of the dependence of energy partitioning to fragment displacement on
the existing surface area, without requiring any explicit representation
of tillage history. This behaviour provides a physically based explana-
tion for the limited effectiveness of repeated tillage operations and, in
combination with Fig. 6, underscores that tillage timing with respect to
soil water content is more critical than increasing the number of passes
to achieve a good seedbed.

5. Model extension to predict fragment size distribution and
pore size distribution

5.1. Weibull distribution of tillage fragments

Representing soil structural dynamics following tillage in agro-
ecosystem models is important because it enables simulation of changes
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dry enough that plastic deformation is negligible.

in soil hydraulic properties, which control the partitioning between
infiltration and runoff and are therefore key predictors in both crop and
erosion modelling (Chandrasekhar et al., 2018). The proposed model
provides a quantitative estimate of the resulting specific fragment sur-
face area, which can serve as a basis for representing these tillage
induced structural changes. The predicted surface areas can be trans-
lated into a soil fragment size distribution by assuming a Weibull dis-
tribution of fragment mass (Eq. 18; Perfect et al., 1993). The Weibull
2-parameter distribution provides sufficient flexibility to represent a
wide range of fragment size spectra while being mathematically trac-
table. The distribution is defined by a shape and scale parameter (k and
2, respectively).

M =5 (5) " emp| - (3)'| e ket as)

We fitted two-parameter Weibull distributions to 97 fragment size
distribution datasets reported in the literature (Keller et al., 2007;
Alvaro-Fuentes et al., 2008; Hevia et al., 2007; Adem et al., 1984) to
establish a unique link between specific surface area and fragment size
distribution. This analysis yielded a relatively narrow distribution for
the shape parameter k with a mean of = 0.71 and a SD of 0.29 (Fig. S6).
However, a Weibull distribution with k < 1 implies an infinitely large
proportion of fragments with zero diameter, which is physically
impossible and leads to numerical instability in the calculation of the
specific fragment surface area with Eq. 19. To obtain a physically
meaningful and robust representation, the shape parameter was there-
fore fixed at k = 1.1. This value is close to but greater than one, retaining
a distribution where the small fragments dominate the distribution
while ensuring a finite probability density for small fragments. This
choice of k is not critical, as the resulting scale parameter 1 was found to
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be largely insensitive to the exact value of k (Fig. S6). Fixing k in this way
enables a unique relationship between specific surface area (A) and
fragment size distribution. Under the assumption of spherical fragment
geometry, the specific surface area can then be calculated from the
Weibull distribution (Eq. 19).

A:/Om <1%><g> dx [m? kg (19)

Egs. 18 and 19 allow to numerically obtain the scale parameter 4 of
the Weibull distribution for a given A, fragment density (p;), and a fixed
k. Simulations across a wide range of A and p; revealed a log-log-linear
relationship between A and 1 (Fig. 8).

The relationship observed in Fig. 8 was approximated using a
regression-based meta-model (Eq. 20), providing a computationally
efficient means of deriving fragment size distributions from predicted
specific fragment surface area:

1
logio(A(A,pf)) =a + bxlogio(A) + c; (20)
f
where a, b and ¢ were found to be —1.765, —1.000 and 575.3
respectively (R? = 1.00).

5.2. Size distribution of inter-fragment pore space

From the Weibull size distribution of soil fragments, the void ratio (e)
of the fragmented soil was estimated as (Brouwers, 2016):

e:el*exp<72\/i(lfe1)/£> [m®* m™3 (21)

where e; is the monosized void ratio and g is the contraction coef-
ficient. For random loose packed spheres, e; and /8 are 0.45 and 0.16,
respectively (Brouwers, 2016), leading to a calculated void ratio e of
0.34. This e corresponds to an approximate bulk density reduction of one
third, a value consistent with assumptions commonly adopted in soil—
crop models such as EPIC (Williams et al., 1984).

Finally, the inter-fragment pore size distribution was derived from
the fragment size distribution and e using an adapted form of the
approach of Arya and Paris (1981):

V; =Mige [m®] (22)
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Fig. 8. Simulation results of the Weibull scale parameter (1) with Eqs. 18 and
19 as a function of specific surface area (A) and fragment density (pf) for a fixed
Weibull shape parameter k = 1.1. The results of the simulation were approxi-
mated with a regression-based meta-model (Eq. 20).
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where V; is the pore volume that corresponds to the i-th fragment size
class, m; is the total mass of the size class, e is the void ratio and p; is the
density of the soil fragments. The mean radius of each pore size class (r;)
depends on the mean radius of the corresponding soil fragments (R;) and
the number of soil fragments in that class (n;). The empirical constant
was set to 1.38 (Arya and Paris, 1981; Gupta et al., 1991).

Although originally developed to relate particle size distributions to
soil water retention characteristics, the Arya and Paris (1981) approach
has also been applied to fragmented soil structures (Gupta and Ewing,
1989; Gupta et al., 1991; Hassan et al., 2022). The resulting pore size
distributions (Fig. 9) represent the inter-fragment pore space, with
changes in intra-fragment porosity not explicitly captured. They
nevertheless enable prediction of the water retention characteristics of
the inter-fragment pore system and thereby provide a direct pathway for
integrating the proposed tillage model into agroecosystem and soil
erosion models.

6. Summary and outlook

In this study, we revisited the classical tillage equation (Eq. 1) and
proposed a quantitative, energy-based model that predicts soil frag-
mentation from the initial soil state and the applied mechanical energy.
By partitioning tillage energy into contributions for surface area crea-
tion, plastic deformation, and displacement of soil fragments, the
framework provides a physically consistent link between soil water
content, mechanical behaviour, and structural outcomes. The model
reproduces empirical observations, including the strong dependence of
fragmentation efficiency on soil water content, the narrow water con-
tent range suitable for tillage observed in clayey soils, and the dimin-
ishing effectiveness of repeated tillage operations. The proposed model
focuses deliberately on the immediate structural consequences of tillage,
without representing soil consolidation. Coupling the model with
consolidation models, such as those of Or and Ghezzehei (2002) or Leij
etal. (2002), as implemented by Chandrasekhar et al. (2019), represents
a promising avenue for future development.

Although the model was parameterised and independently evaluated
using existing datasets, the available data do not permit a rigorous
quantitative validation across soil and tillage conditions. Datasets in
which tillage energy input, soil water content, fragment size distribu-
tions, and soil hydraulic properties are measured simultaneously remain
limited. The validation results indicate that the current model captures
fragmentation behaviour well under relatively dry conditions but fails to
correctly predict fragmentation at water contents close to the soils
plastic limit. Targeted experiments across different soil textures could
provide the data needed to further test and refine the proposed model.
Such efforts should aim to improve the representation of the transition
from brittle fragmentation of dry soil to plastic deformation of wet soil,
as well as to better characterise the soil properties governing the energy
partitioning between fragment creation and fragment displacement.

Finally, the proposed framework provides a mechanistic pathway for
linking tillage-induced structural change to pore size distributions and
soil hydraulic properties. This establishes a basis for simulating the ef-
fects of tillage on water flow, gas transport, organic matter turnover, and
soil erosion within process-based agroecosystem models.
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