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The mechanical strength of agricultural soils depends on many soil properties and
functions. The database, “soil strength and consequences for sustainable land use
and soil management SOILMECHDAT-Kiel”, originates from the “Horn Research
Group” includes analyses of undisturbed soil samples taken from more than 460
profiles in and is developed in collaboration with BONARES, a funding initiative of the
German Federal Ministry for Education and Research that focuses on the sustainable use
of soils. For over 40 years, over 42 different authors recorded 59 physical and 29 chemical
parameters for complete soil profiles. In order to the aim of the initial analyses of this data is
to determine the influence of bulk density (BD) organic matter (OM) and time (year) on
precompression stress (Pc) and saturated hydraulic conductivity (ks) as a function of Pc.
Three main textural groups sand, loam, and silt for both topsoils and subsoils (SS) were
studied. In loamy and silty subsoils BD and OM are not related to Pc (R2 = 0.17 and R2 =
0.25). OM and bulk density are more related to Pc in sandy soils (R2 0.55–0.59). The link
between ks and Pc showed that sandy soils have a significantly higher Pc (>150 kPa) and
conductivities did not change much. In loamy soils, with a Pc > 90 kPa, 50% of the ks fell
below the critical value of 10 cm d−1. For silty soils, at a Pc of 60 kPa, 50% of the data fall
below the critical value of ks. These findings suggest that the stability of loamy and silty soils
not only depends on OM and BD, but requires further data to explain the variation in the
measurements. With respect to ks, the results show that fertile silty soils are more sensitive
than formerly defined.
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INTRODUCTION

Soil compaction, especially subsoil compaction, is one of the
major threats of soil degradation globally (Bridges and Oldeman,
1999). The European Soil Framework Directive (2006) stated that
soil compaction, along with erosion by water and wind, is one of
the main physical processes that severely threatens soil and
causing degradation. It is estimated that 32% of the subsoils
(SS) in Europe are highly degraded and 18% are moderately
vulnerable to compaction and soil degradation, caused by too
heavy agricultural and forestry machinery. The machinery is
responsible for the degradation of an area of 330,000 km2

(Soane and van Ouwerkerk, 1995; Fraters, 1996), and the
affected area increases continuously (Keller et al., 2017, 2019).

The main reasons for the increase in compaction, arable or
forest soils are the ever-increasing weight of the machines and the
increased frequency of wheeling under unfavorable (high
moisture) soil conditions. This statement is repeatedly
mentioned by Horn (1983), Håkansson et al. (1987), Lebert
(1989), Alakukku (1996), Kühner (1997), Wiermann et al.
(2000), Arvidsson et al. (2001), Horn and Fleige (2003); Horn
and Fleige, (2009), Keller et al. (2004), Horn and Smucker, 2005,
Zink et al. (2010), Riggert (2015), Keller et al. (2019), and Horn
(2021). But the consequences are most often underestimated
although well defined (Arvidsson and Hakansson, 1996; Zink
et al., 2010). Although many farmers do care on these threats,
visible and measurable effects (e.g., yield decline or increased
probability of flooding even during the growing season) have
often resulted in minor changes in land management. However,
soil degradation occurs generally in all soils, even if the intensity
and the consequences differ depending on the internal soil
properties as well as the kind and frequency of stress
application. The latter has increased over the last decades
(Arvidsson and Hakansson, 1996; Zink, 2009; Duttmann et al.,
2014; Hartge and Horn, 2016; Horn et al., 2017; Keller et al.,
2019). The consequences of land management and tillage, needs
to be analyzed, because saturated hydraulic conductivity (ks) also
depends on shear- and vibration-induced soil deformation
interactions. These interactions enhance the degradation of
soil properties, especially if the soil water content is high and
the internal soil strength is low (Huang et al., 2021a, b).
Furthermore, intense animal trampling often in combination
with induced overgrazing of moist to wet pastures, causes soil
compression and leads to a reduction of coarse pores with smaller
continuity. Even if soil horizons are still structured after stress
application, the trampling will lead to a compacted platy structure
in the topsoil and changes down to deep depths (Fazekas and
Horn, 2005).

The reduction of pore space and especially of macropores,
along with the conversion of three-dimensionally uniform pore
systems to completely horizontal anisotropic conditions in platy
structured soil horizons by compaction must be regarded as
harmful. Thus, compaction may cause severe consequences for
hydraulic, gas, and heat transport, as well as for nutrient storage
and uptake by plants, if the stresses exceed the internal soil
strength (Horn et al., 2019). By 2050, food production must
increase by + 70% to nourish the nine billion people on earth

(Horn and Blum, 2020). In addition, climate change will affect
precipitation frequency and intensity and the temperature.
Consequently, soil structure changes need to be studied to
gain insight into basic soil physical and mechanical properties
and how they change over time. These interactions are seldom
published for whole soil profiles but for only single soil horizons
as well as their time dependent changes.

The “Horn Research Group” has studied for over 40 years the
topic of soil strength for soil profiles with different geological
substrates, climatic boundary conditions, and different land uses
and the relation to sustainable land use and soil management. The
compiled a database: SOILMECHDAT-Kiel, which includes these
physical and mechanical properties. With coordinates available,
this database can be used to develop, at various scales (farm level
to country to continent), soil maps showing strength or stress
distribution based on wheeling experiments and consecutive
analyses of stress distribution patterns at given mechanical soil
properties.

The precompression stress (= internal soil strength, Pc) is a
sensitive and scale-spanning parameter that defines the rigidity of
the soil structure. It indicates the current state of compaction, as a
result of all previous physical, chemical, or biological compressive
and stabilizing processes as well as natural decompression
(loosening such as bioturbation). It is derived from stress-
strain curves and is the transition from the recompression to
the virgin compression range. It depends on the matric potential,
as well as former pedo- and anthropogenic processes (Mordhorst
et al., 2020). The higher the soil strength, the lower is the
likelihood for additional mechanical stress and long-term
degradation of soil structure (Horn and Dexter 1989; Horn
et al., 1991a; Kirby 1991b; Van den Akker et al., 1999;
Trautner et al., 2003; Horn and Fleige, 2009; Keller et al.,
2019). The values for Pc also document the range of resilience
(recompression range) while in the virgin compression stress
range it declines due to plastic deformation (Horn and Blum
2020).

The Pc value is often related to soil conditions in early spring
at matric potential values of pF 1.8 (−60 hPa) or when the soil is
drying due to evapotranspiration and the soil water content is
reduced to values such as pF 2.5 (−300 hPa) matric potential. The
drier the soil is, the more negative is the pore water pressure and
the soil structure solidifies. Relationships between matric
potential and internal soil strength can be described by the
effective stress equation (Bishop 1959) which enable to
quantify the effective stresses between particles or aggregates
and the stabilizing or weakening effects of the pore water
pressure. Besides the soil strength change with matric potential
can also the impact of the chi factor at given total stresses for the
effective stresses be quantified. Besides landuse and soil
management can also geogenic impacts for given soil types be
quantified in order to classify mechanical properties of soils from
farm to country or continental scale or with respect to tentative
effects for given land use managements. In order to optimize the
analysis purpose, the following properties that affect soil strength
are included in the database: texture, structure, clay mineralogy,
organic matter (OM), bulk density (BD), chemical composition,
and negative pore water pressure (= matric potential) (for more
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details see also Larson et al., 1980; Horn, 1981; McBride, 1989;
Soane,1990; O’Sullivan, 1992; Watts and Dexter, 1997; Zhang
et al., 1997; Paz and Guérif, 2000; Keller et al., 2011; Baumgartl
and Horn, 2013).

Shear strength, determines the binding forces between
particles (texture) or the ability of soil aggregates to withstand
the rearrangement (= strain) against smearing (also defined as
slip). The shear parameters defined by the Mohr Coulomb
equation are the angle of internal friction and cohesion, and
they define the slope and the intercept of the linear regression
equation between shear resistance as dependent variable and
normal stress for a given matric potential, of a structured soil
horizon.

Soil physical properties affected by soil deformation are the ks
and air permeability (kl), which show a dependency on the
internal soil strength. Both the ks and unsaturated hydraulic
conductivity (ku) as well as kl as a function of matric potential
represent the functional quality of soil structure and pore
continuity as they define the air and water fluxes within the
soil. (Arthur et al., 2012; Berisso et al., 2012). but the rigidity of the
structured pore system is limited to the recompression stress
range while within the virgin compression stress range decrease
these values intensely and cause a decrease of continuity of the
pore network (Hamamoto et al., 2011; Horn 2021). The same
would be in addition true for gas diffusivity, which, however, was
not always analysed during the research activities. If pores lose
their continuity (blocked pores) and diameter fluxes are reduced
and in the worst case also the liquefaction increase with more
intense impacts or an increased rigidity change (Huang et al.,
2021a). Blocked pores are affected by soil management including
shearing (Dörner and Horn 2006) and can be related to soil
deformation processes if the history as well as the registered
management of the analysed soils are regarded.

Organic matter (OM) does not only increase the water storage
in soils, but also the hydraulic or pneumatic functions which
helps to define structure properties (Piccolo et al. (1997); IPCC,
2003; Janssens et al., 2005; Jones et al., 2005; Smith et al., 2005;
Stolbovoy et al., 2007; Saha et al., 2011). Feller and Beare (1997)
substantiated the physical interactions between clay particles and
OM and showed that, with increasing humus content, the
structural stability of the soil improved. Specifically, the clay
particles and OM should be in proportion to each other to form
organic carbon complexes (Dexter et al., 2008; Horn and Blum,
2020).

The objectives of this first paper are the following:

• In cooperation with BONARES, a funding initiative of the
German Federal Ministry for Education and Research, we
want to create a database to document and statistically
evaluate the soil strength of structured and pre-drained
soils under agricultural use.

• To determine the link between the Pc and OM, BD and ks
for the three soil classes (sand, loam, and silt) and time
depending changes separated in top- and subsoils.

• The aim of this project is to elaborate scenarios how to at
least maintain for the present soil structural properties as a
sustainable soil management, according to an initiative of

the German Federal Ministry of Education and Research
(BMBF).

MATERIALS AND METHODS

The origin database is composed of three Excel tables (not
shown in this paper), which inform about the soil profiles that
were studied using the three German Soil Mapping
Instructions (AG Bodenkunde, 1982; AG Boden, 1994; Ad-
hoc-AG Boden, 2005) over the last 40 years. Each table is
divided into metadata and physical/chemical parameters. The
measured values are assigned to their respective parameter
sheets. These include parameters of “Chemical properties”,
“Water retention”, “Saturated hydraulic conductivity”, “Air
conductivity”, “Pc” and “Shear resistance”. The complete
description of the database will be part of the finalizing
PhD thesis while at present some general information
about parameters needed to detect and to quantify soil
properties and functions will be given.

Origin Data
Mechanical data originate from master’s and PhD publications
and other projects from the Institute of Soil Science of CAU in
Kiel, Germany. More than 70% of the soil samples analysed
originate from Germany (Figure 1) and will be completely
available for further analyses within the BONARES database
following the finished PhD Thesis in 2022.of R. Schroeder.

Further sampling took place in Switzerland, Estonia, Norway,
Finland, Great Britain, Brazil, Chile, and China. The database
includes up to 59 physical/mechanical and 29 chemical
parameters and consider amongst others texture, structure,
BD, OM pore size distribution, soil strength parameters and
hydraulic as well as pneumatic functions as well as pH etc. The
analyses recorded are from a period between 1979 and 2019, with
over 460 profiles, 588 Topsoil-horizons (TS), 974 Subsoil-
horizons (SS), and 225 underground horizons quantified and
available for statistical analysis. TS horizons are defined as all
mineral horizons with the main symbol “A” and with their TS
horizon limit between 0 and 30 cm. The SS horizons are identified
according to the German classification system: B, P, T, S, G, M, E,
R, and Y with an upper horizon limit of >0 cm und mineral
surface. Subsurface mineral horizons (not/less weathered) (n =
225) are defined by the symbol “C”/“-C” as parent material. The
variable number of the three horizon groups is due to different
sampling depths and sampling strategies. The SS horizons include
also those with OM > 1%, which result from former deeper
ploughing strategies (35—40 cm) from early 1970th/80th.
Because the later ploughing was limited to 25—30 cm, these
deeper parts of A-horizons are defined as “buried” and SS
horizons.

Documentation of Soil Use
The database allows a categorization of the investigated areas with
respect to their use, properties, and functions. Different types of
land use were included and categorized amongst others as
“peatland”, “grassland”, “forest”, and “arable land".
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The peatland area share (4.3%) includes areas that are difficult
or impossible to use and are not under agricultural use. This
proportion includes bog areas (Histosols) with more than 30 cm
organic cover (>30% OM) and “subhydric areas”. Bog areas also
include fallow areas (share: < 1%). The data share for grassland is
28% and includes (mowed) pastures, all types of grasslands,
parks, and cultivated moors. “Forest” with 10% includes
woodlands, as well as mixed coniferous and deciduous forests.
62% of the profiles are under conventional (86%) or conservation
(14%) agricultural use. Conventionally farmed areas are
characterized by regular ploughing (p) operations of the TS
(Ap-horizon), with tillage depth varying between 25—30 cm.
Areas with conservation tillage are not ploughed or have
minor or no tillage.

Database Structure and Processing
For each soil mapping manual: AG Bodenkunde (1982) AG
Boden (1994) and Ad-hoc-AG Boden (2005) an Excel
spreadsheet (Excel 2016) was created. The spreadsheets for
each Excel spreadsheet are divided into the sections: profile,
horizon, chemical properties, water retention, hydraulic
conductivity, precompression stress and shearing (Table 1).
This allows a systematic transfer of the profile data from the
publications and other sources into the database. The entries
are made by means of free text or a predefined drop-down
menu. The parameters of the profile and horizon listed
represent elementary basic information of the sample sites,

which are considered as a minimum requirement for inclusion
in the database. Table 1 give an overview about the main
sections of the construction of the data basis and the given
parameter.

Section Profile
The profile number 1) is generated individually for each profile in
the database. It is used as a reference for the chemical and physical
parameters, and it ensures an exact assignment of the laboratory
analyses to the respective profile metadata. It is composed of the
four initial letters of the author and the number of the profile as
a digit.

In case of further publications by an author, further
consecutive profile numbers are added. For further
classification, the project name (3). 3—17 are directly oriented
to the title data of the respective mapping manual (AG
Bodenkunde, 1982; AG Boden, 1994; Ad-hoc-AG Boden,
2005) and are further defined there.

Section Horizon
In the “Section Horizon”, the profile number 1) already described
is placed in front of the soil parameters as a profile reference.
Together with the horizon number 2) as horizon reference, they
form the link between the profile reference and the measurement
results. The information on points one0–17 is also defined
according to the respective soil mapping instructions and
further described there.

FIGURE 1 | Location of the documented soil profiles (red dots). source: r studio, package: ggplot2.
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Section Precompression Stress
Methodologies for the physical and chemical soil parameters
are noted in the appendix of the database and assigned to the
corresponding parameters as numerical codes. Throughout
the entire period, the physical and chemical analyses of the
disturbed and undisturbed soil samples were performed with
identical methods according to Schlichting et al. (1966),
Schlichting et al. (1995), Hartge (1978), Hartge and Horn
(1992, 2009,2016), and Blume et al. (2011). detailed
information on the measurements can be found in the
respective publications.

All strength data in the database is determined for undisturbed
cylinder specimens (236 cm³) by means of uniaxial compression
tests (oedometer), and they were calculated using the method of
Casagrande (1936). Further information can be found in Hartge
and Horn (2009, 2016), Scheffer and Schachtschabel (2018) and
Horn (1980). For an adequate evaluation of the Pc values,
additional data are necessary. The treatment_ID_pv 18) and
the method_ID_pv 19) refer by numerical code to treatment

measures, which were carried out during the test. Each Pc, BD
and OM value 21) is classified as defined in DVWK (1997), Horn
and Fleige (2003); Horn and Fleige (2009) and Ad-Hoc AG
Boden 2005 (Table 2). It is also often stated that BD may
have an influence on soil strength. Thus, it is used as a
guiding parameter for the derivation of the Pc.

Table 3 shows the limits for Pc of the main textural groups
(MTG) according to DVWK (1997) and Horn and Fleige (2009).

Section Shearing
Prediction of the Pc (= internal soil strength) and the parameters
of the shear resistance need to be determined. To get values of
shear resistance, the Mohr Coulomb equation (Eq. (1)) was used:

τ � σn*tanφ + c (1)
where c as the cohesion (kPa), φ as the angle of internal friction (°)
and σn as vertical compression stress (kPa) results in τ as shear
resistance (kPa).

TABLE 1 | Structure of each Excel spreadsheet of the soil data base with the main sections: Profile, Horizon, precompression stress (Pc), shearing, chemical properties and
texture with several given parameters (0–30).

Profile Horizon Precompression Stress Shearing Chemical Properties and
texture

Profile_No (1) Profile_No (1) Profile_No (1) Profile_No (1) Profile_No (1)
Horizon_No (2) Horizon_No (2) Horizon_No (2) Horizon_No (2) Horizon_No (2)
Project remark (3) Horizon upper limit (10) Treatment_ID_pv (18) Treatment_ID_shearing (18) CaCO3 (26)
Date of recording (4) Horizon lower limit (11) Method_ID_pv (19) Method_ID_shearing (19) pH (CaCl2) (27)
Easting (5) Horizon symbol (12) Matrix potential (20) Matrix potential (20) Organic carbon (28)
Northing (6) Humus content (13) Precompression stress (21) Normal stress (23) Organic matter (29)
Type of use/sealing (7) Substrate type (14) Bulk density (22) Cohesion (24) Texture (30)
Soil type short (8) Substrate genesis (16) — Angle of internal friction (25)
Soil subtype (9) Texture group (17) — —

TABLE 2 | Classification of the precompression stress (Pc), bulk density ρ and organic matter (OM) according to DVWK 1997, Horn/Fleige 2003 and Ad-Hoc AG
Boden 2005.

Level Precompression Stress Pc
(kPa)

Bulk density ρ (g
cm-3)

Organic matter (mass%)

Very Low <30 (p1) <1.2 (ρ1) 0 (h0)
Low 30–60 (p2) 1.2—< 1.4 (ρ2) <1 (h1)
Mean 60—90 (p3) 1.4—< 1.6 (ρ3) 1—< 2 (h2)
High 90—120 (p4) 1.6—< 1.8 (ρ4) 2—< 4 (h3)
Very High 120—150 (p5) > = 1.8 (ρ5) 4—< 8 (h4)
Extremely High >150 (p6) — 8—< 15 (h5)

TABLE 3 | Critical values to verify harmful subsoil compaction by precompression stress (Pc) (low indication) and saturated hydraulic conductivity (ks) (high indication) for
different texture groups according to (Horn and Fleige 2009) and critical ks value according to UBA, 2004a.

Parameter Horn
and Fleige (2009)

Dimension

— Silt >70 kPa
Precompression stress Pc Loam >90 kPa

Sand >130 kPa
Sat. hydraulic conductivity Any texture group <10 cm d−1
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The effects of soil structure, texture, OM, and water content
are linked and can be applied to explain soil strength and changes
in soil functions (Zhang et al., 1997; Huang et al., 2021a, b). The
structure of this section follows the pattern of those described
earlier. Matric potential determined pre-drainage (20) affects
items 24 and 25, which relate to the shear resistance.

Section Chemical Properties and Texture
Due to the heterogeneous objectives of the publications included,
the data base is diverse. The OM is calculated by a factor of 1.72
from organic carbon. All other chemical analyses in the database,
as well as calculations, are based on identical methods described
in Schlichting et al. (1966), Schlichting et al. (1995), and Blume
et al. (2011). The classification of OM follows the
recommendations of AG Bodenkunde, 1982, AG Boden, 1994,
Ad-hoc-AG Boden, 2005 (Table 2).

Data Selection and Preparation of Analysis
In this first paper, we have chosen to document Pc as a function of the
OM and the BD for various texture classes. The chemical data OM,
texture as well as BD are generally available for almost all profiles. The
classification into MTG, according to Ad-hoc-AG Boden, 2005, is
intended to show the influence of texture, and the differences in
susceptibility to over-compaction and the resulting ks (for more
details: Larson et al., 1980; Horn, 1981; Hettiaratchi, 1987; Batey and
McKenzie, 2006). Furthermore, the influence of OM on soil strength
will be dealt with in this paper as it is often mentioned by Feller and
Beare, (1997); Alekseeva andAlekseev, (1999); Alakukku et al. (2003).
Furthermore, we have considered the specific pre-drainage, since, as
already mentioned, the matrix potential plays a major role in soil
stability.

The following pre-settings were chosen:

• Conventional management (includes Ap-horizon).
• Pre-drainage: pF 1.8
• OM≤5 %
• BD > 1 g cm−³
• Specification of texture classes (sand, silt and loam)
• Indication of Pc and/or cohesion (c).

The pre-drainage of pF 1.8 was chosen to define the weakest
(most moist condition in spring) soil conditions. Only TS and SS
were selected for each profile, without any further horizon

differentiation of the SS. A TS horizon with a designated platy
structure (pla) was added to SS, because the formation of a platy
structure in the TS is rather unlikely with regular ploughing. The
pre-settings resulted in 150 profiles from six countries: China (4),
Estonia (2), Germany (121), Great Britain (3), Norway (17), and
Switzerland (3). Terrestrial soils dominate conventionally farmed
agricultural land, account for over 91%, and are represented by
eleven different soil types (Table 4).

Four semi-terrestrial soil types (ground water affected soil
types) are also represented and account for about 9%. Cambisols
are the most represented (30%), followed by Stagnosols (22%)
and soils derived from colluvic material (14%).

From soil types with corresponding specifications, there are a
total of 348 analyzed soil horizons with Pc data (Table 5).

Overall, loam (36%) and silt (31%) are the most represented soil
texture. The percentage of sandy soils is 20.1%.When considering the
soil types with respect to the grain size distribution (Figure 2), a total
of 25 different soil texture classes can be defined. The most common
soil texture class is medium loamy sands (Sl3) with 17% and strong
loamy sands (Sl4) with 15%, which corresponds to one third of the
horizons. A second concentration of soil texture classes is observed in
the medium clayey silt (Ut3), with 12% and in the strong clayey silt
(Ut4) with 10%.

Statistical Evaluation
Statistical analysis of the data was done using the statistical
program R 4.0.3 (R Core Team, 2020). For processing, tables
in AG Bodenkunde, 1982, AG Boden, 1994, Ad-hoc-AG Boden,
2005 are linked in R to form a main table using R package called
dplyr to allow uniform statistical analyses of all profiles.

Time series have been established on 35% of the studied plots.
For this reason, the “date” was considered as a parameter for
sampling. Multiple linear regression analysis was performed
according to Chambers (1992) and Wickham et al. (2021). In
the computational model (Eq. (2)), the precompression stress (y
(Pc)) is described as a dependent variable to the independent
variables of organic matter (χ1(OM)), bulk density (χ2(BD)), and
the year of sampling (χ3 (year)). ϵ is the level of variance in the
error term or residuals of multi linear regression model.

y(Pc) � β1χ1(OM) + β2χ2(BD) + β3χ3(year) + ϵ (2)
Statistically significant differences between samples were

determined by using Wilcoxon and T-tests. The results were
classified as statistically significance level (***) p < 0.001 (**) p <
0.01 [*] p < 0.05, [] p > 0.05 and is given in each Equation (Eq.
3–8). Furthermore, all laboratory analyses were readjusted to the

TABLE 4 | Soils according to the German classification system (Ad-Hoc-AG
Boden 2005, in parentheses) and WRB (2014), n = 150.

Terrestrial soils (91.4 %) Semiterrestrial soils (8.6 %)

[BB] Cambisol (40) [AQ] Fluvic Gleysol (7)
[CF] Rendzic Leptosol (1) [GG] Gleysol (9)
[DD] Vertic Cambisol (1) [MC] Calcaric Fluvic Gleysol (1)
[LL] Luvisol (25) [MN] Eutric Fluvic Gleysol (1)
[PP] Podzol (10) —

[RZ] Calcaric Regosol (2) —

[SS] Stagnosol (29) —

[TT] Chernozem (3) —

[YE] Plaggic Anthrosol (1) —

[YK] Soil derived from colluvic material (18) —

TABLE 5 | Topsoils (n = 153) and subsoils (n = 179) of conventionally farmed land
and their classification into main soil texture classes: sands (n = 73), silts (n =
111), clays (n = 39) and loams (n = 109), absolute values of themain texture groups
(BHG) are given in parentheses (n = 348).

Topsoils (48.3 %) Subsoils (51.7 %)

Sand (26) Sand (41)
Silts (52) Silts (50)
Clays (11) Clays (32)
Loams (64) Loams (56)
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standard of Ad-hoc-AG Boden (2005), based on raw data, to
create comparability among profiles or horizons.

RESULTS

Main Soil Properties and Precompression
Stress Ranges in Top- and Subsoils
The following graphs are subdivided into the MTG of sand, loam,
and silt, and Pc values as a function of OM (%) and BD (g cm−³)
for the TS and SS (Figure 3–5). For the linear regression
equations Eq. 3–8, the unit for OM is also % and for BD is g cm−³.

Sand
Sandy soils samples were taken between 1991 and 2013. The
minimum BD value range from 1.27 g cm−3 to 1.84 g cm−3 54%

of the horizons had amean BD between 1.4 and 1.6 g cm−3. TheOM
range from 0.2 to 3.9%, while the average Pc was 76 kPa, reaching a
maximumvalue of 170 kPa at a BD of 1.62 g cm−3 andOMof 0.21%.
The lowest Pc values, between 30 and 39 kPa, were observed at BD of
1.52–1.58 g cm−3 and an OM between 1 and 2% (Figure 3).

A large amount of reclaimed and colluviated horizons were
noted between 2002 and 2013 and are characterized by very low
Pc values in both TS and SS. This circumstance leads to a
significant decrease in Pc as a function of time and must be
considered (Eq. (3) and (4).

In sandy horizons, neither the carbonate nor the clay content
(<12%) in the available data reached values that could lead to
separated aggregates like (sub)angular blocky structure. When
considering the TS (Figure 3A), an average Pc of 51 kPa was
measured and the OM was on average 2.0%. There was only one
value with <1% (n = 1).

FIGURE 2 | Texture classes (according to Ad-Hoc AG Boden 2005) from the selected 138 profiles with precompression (Pc) values and Saturated hydraulic
conductivity (ks) values, star = topsoil (n = 142), square = subsoil (n = 147), n = 289.
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The regression analysis for the TS showed a positive
correlation between OM (p < 0.05) and Pc (Eq. (3)).

In the SS (Figure 3B), compared to the TS, the average Pc
increased by 74%–94 kPa. The OM showed a 12% decrease to
1.4%. In comparison, the average BD of 1.58 g cm− 3 was
increased by 3%. (Eq. (4)).

Pc(TS) � 7.9(± 3.1)OM[p] + (18.5)(± 25.4)BD
+( − 0.4)(± 0.3)year + 1179.7

R2 � 0.55, p < 0.05 (3)
Pc(SS) � 3.5(± 4.1)OM + 45(± 34.2) BD

+(−3.8)(± 0.6)year[ppp] + 7585.3
R2 � 0.59, p< 0.001 (4)

FIGURE 3 | (A) Precompression stress (Pc) as a function of the organic matter (OM) and bulk density (BD) of sandy topsoils for conventionally managed arable
soilsat a pre-drainage of pF 1.8, n = 26. Figure 3 (B) Precompression stress (Pv) as a function of the organic matter (OM) and bulk density of sandy subsoils for
conventionally managed arable soils at a pre-drainage of pF 1.8, n = 41. The colour scale shows the value of Pc.

FIGURE 4 | (A) Precompression stress (Pc) as a function of organic matter (OM) and bulk density of loamy topsoils of conventionally managed arable soils at a pre-
drainage of pF 1.8, n = 64. Figure 4 (B) Pc as a function of organic matter (OM) and bulk density (BD) of loamy subsoils of conventionally managed arable at a pre-
drainage of pF 1.8, n = 56. The colour scale shows the value of Pc.
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Neither in TS nor in SS BD have a significant effect on Pc.
However, the year of sampling had a significant influence on Pc in
SS. Pc decreased as a function of time, for the sandy SS (p < 0.01)
which consists mainly of Stagnosols (28%) and soils derived from
colluvic material (18.5%) in the later decades with low Pc values.

Loam
Loamy soils samples were taken between 1979 and 2019. Most of
the conventionally farmed profiles in the database are loamy soils.
The main soil types are classified as Cambisol (48%), followed by
Stagnosol (30%). The ranges of values for OM (0.3–4.8%) and for
BD (1.2–1.86 g cm−³) are wider in loamy soils (Figure 4)
compared to the sandy ones (Figure 3). The average Pc of the
soils with loamy texture is 67 kPa and is 12 kPa smaller than the
Pc of sandy soils. However, their scattering is larger, ranging from
21 to 160 kPa.

There is a high amount of OM in loamy SS. Due to their
pedogenesis and management methods over the last decades, a
large number of the soil types (Cambisol, Luvisol, Stagnosol)
show increasing OM in SS. On average, the OM of the loamy TS
(Figure 4A) is 2.8%, with 50.9% of those classified as medium
humous (h3) and 23.6% as weak humous (h2). The BD ranges
from ρ 2 (1.1 g cm−3) to ρ 5 (1.81 g cm−3) with the maximum Pc
of 113 kPa. Significances in the loamy TS is observed for BD (p <
0.01) and year (p < 0.001) with an R2 = 0.45. However, OM (p >
0.05) has no statistical effect on Pc at all.

Pc(TS) � −0.1(± 2.9)OM + 57.8(± 19.6)BD[pp]
+(−1.0)(± 0.2)year[ppp] + 2050.9

R2 � 0.45, p < 0.001 (5)
Pc(SS) � −0.8(± 4.2)OM + 62.1(± 30.5)BD[p]

+(−1.4)(± 5.3)year[pp] + 2880.2
R2 � 0.17, p< 0.05 (6)

In the loamy SS (Figure 4B), a larger scatter is observed for
OM and BD (R2 = 0.17). The average Pc is 84 kPa, which is 66%
more compared to that of TS. For OM < 1%, as well as for BD >
1.7 g cm−3, Pc values exceed 120 kPa mostly for Cambisol and
Stagnosol. BD (p < 0.05) have a significant influence of Pc in both
TS and SS. Normally, the SS, in contrast to the TS, has strongly
reduced OM. For loamy SS 30% M-Horizons with high OM
content and a slightly decrease of Pc over years was observed
(p < 0.01).

Silt
Silty soils samples were taken between 1979 and 2019 and
have the highest Pc (200 kPa in SS). They represent very
low to high OM content (h0 - h4) and low to very high BD
values (ρ 2—ρ 5). In silty TS a direct effect of OM nor BD on
Pc is not detectable (R2 = 0.26). Due to mechanical tillage
under conventional management, the mechanical strength
(p < 0.05) decline significantly over years (Eq. (7)). The
average Pc and OM are 49 kPa and 2.6%, respectively. The
BD varies from low (ρ 2) to very high (ρ 4) due to different
mechanical tillage methods and sampling times. Sampling
with the highest BD took place direct after wheeling
experiments.

Pc(TS) � 2.5(± 3.8)OM + 50.9(± 29.1)BD
+( − 0.6)(± 0.3)year[p] + 1179.7

R2 � 0.26, p < 0.005 (7)
Pc(SS) � 29(± 7.6)OM[ppp] + 72.7(± 72.1)BD

+(−0.5)(± 0.6)year + 993.1
R2 � 0.25, p < 0.005 (8)

In the silty SS (Figure 5A), a significantly lower humus content
and a 220% increase in average Pc (up to 114 kPa) compared to TS

FIGURE 5 | (A) Precompression stress (Pc) as a function of organic matter (OM) and bulk density (BD) of silty topsoils of conventionally managed arable soils at a
pre-drainage of pF 1.8, n = 52. Figure 5 (B) Pc as a function of organic matter (OM) and bulk density (BD) of silty subsoils (n = 84) of conventionally managed arable soils
at a pre-drainage of pF 1.8, n = 50. The colour scale shows the value of Pc.
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can be observed. In the SS with Pc > 100 kPa, platy structures
are found almost exclusively, accounting for 28.1% of the silty
SS. Further, no colluvic material was detected in silty SS. Only
OM have a significant effect on Pc (p < 0.001) but BD are not
related to Pc at all (R2 = 0.25). Between 1981 and 1997, a steady
increase in the Pc in the SS from 40 to over 200 kPa was also
observed for identical silty plots. In addition, increased platy
structures occurred, which were first used agriculturally
since 1995.

Saturated Hydraulic Conductivity
In Figure 6 (top) ks in cm d−1 is shown as a function of Pc
divide into classification groups (p1 - p6) for all soil profiles.
Figure 6 (bottom) show the profile horizons which are
subdivided into the MTG. For better comparability with the
results of Horn and Fleige (2009) in Table 2, to evaluate the
impact of Pc on ks.

With increasing Pc ks decreases significantly over all three
MTG (p < 0.01) (Figure 6 top). From Pc group p2 (30–60 kPa) to
group p4 (90–120 kPa), ks decreases by 72%, falling from
50 cm d−1–13.8 cm d−1 (p < 0.05). In p3 (60—90 kPa), 75% of
the values are still above the critical value of 10 cm d−1, with a
median of 26.6 cm d−1. Even at a Pc of 90–120 kPa, 50% of
the soil horizons have a value of <14 cm d−1. In group p6
(>150 kPa), >50% of the measurements are below 10 cm d−1,
with the median dropping further to 8.3 cm d−1.

Sandy soils from p3—p5 have the highest ks values with no
significant decrease of ks (p = 0.7) between the Pc groups (Figure 6
bottom). The median for the groups p2—p5 is between 40 and
100 cm d−1 and shows no critical ks value up to 150 kPa. In loamy
soils a pronounced decline of the ks occurs with increasing Pc. Up to
90 kPa, 75% of the conductivities are above 10 cm d−1, but experience
a significant reduction fromp2 to p4 to 11.2 cm d−1 (p< 0.01). Nearly
50% of the ks of loamy soils with Pc between 90 and 120 kPa are
below 10 cm d−1 and are reduced by a factor of 10 as the Pc increases
to 120—150 kPa. The ks of silty soils ismore sensitive to Pc compared
to sandy and loamy soils. Between group p1 and p2 the ks is reduced
by 75% and drops from 69 cm d−1–17 cm d−1 (p = 0.07). As Pc
continues to increase beyond 60 kPa, conductivity remains
consistently low and varying between 11 and 16 cm d−1. If the Pc
of 150 kPa is exceeded, all ks are smaller than the critical value of
10 cm d−1.

DISCUSSION

Bulk Density, Organic Matter, and Soil
Structure
The evaluation of physical and mechanical parameters of
undisturbed soil samples is a time-consuming, but necessary,
approach to document the natural behaviour of soils. This
approach is even the more urgent today, because only by

FIGURE 6 | Saturated hydraulic conductivity (ks) to precompression stress (Pc) divided into groups p1 (0–30 kPa), n = 10, p2 (30–60 kPa), n = 96, p3 (60–90 kPa),
n = 94, p4 (90–120 kPa), n = 55, p5 (120–150 kPa), n = 20, and p6 (>150 kPa), n = 14, terrestrial soils in total (top) and divided into the main soil texture classes (BHG)
(bottom), n = 289.
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compilation of the data already collected can undisturbed soil
samples be evaluated statistically and analysed to develop
advanced pedotransfer functions. Also, changes over years can
be documented. A section of the database presented in this paper
allows differentiation of soil horizons using chemical and physical
parameters. In addition, the changes of the parameters over time
can help to elucidate alterations due to soil management - e.g., the
long-term consequences of high axial loads on agricultural soils.

The very low Pc values in the TS of the conventionally farmed
areas (78%) is due to continuous tillage, which repeatedly
homogenizes the existing aggregates. Hartge and Horn (2016),
Zheng et al. (2018) and Chellappa et al. (2021), showed that,
compared to conservation soil management, conventional soil
management homogenizes and destroys soil structure by
reducing the number of macroaggregates (>1 mm), and it
makes soils more susceptible to soil deformation. Furthermore,
the database contains data for samples that were collected during
spring to autumn, which furthermore will affect the soil strength.
These interactions will be subject to further analyses. Kay et al.
(1987), Ehlers et al. (2000) and Horn and Smucker (2005)
described seasonal changes from the homogenization due to
tillage and a small increase in soil strength throughout the
year. They observed that, over time, conservation or no tillage
resulted in a higher soil strength which comes along with a quasi-
dynamic equilibrium at smallest free entropy and optimized
accessibility of particle surfaces (for more details see also
Hartge and Horn 2016). However, reduced stability in the TS
of all MTG results in enhanced water erosion, loss of OM and
following retarded structure formation and strengthening due to
glueing etc. as well as an enhanced methane or N2O emission to
the atmosphere (Puget and Lal, 2005; Mishra et al., 2010; Du et al.,
2013; Haas et al., 2016; Zheng et al., 2018). Finally, it also causes
an increase in dispersed clay in the soil solution (Watts and
Dexter, 1997).

There is nearly an inverse relationship in the SS below the
plough depth (>25–30 cm) and the TS, when BD, OM, and soil
strength are considered. The lack of soil loosening on arable land
combined with the rapid increase in axle loads of agricultural
machinery by about 65% between 1989 and 2009 (Schjønning
et al., 2015; Keller et al., 2019) should led to a strong increase in Pc
with a coinciding worsening of ks and air permeability. Keller
et al. (2019) concluded that high axle loads and driving in the
plough furrow directly provoked SS over-compaction. This result
can partial be confirmed for SS from the database. 20% of loamy
SS and 62% of silty SS show platy structures at Pc of >140 kPa and
a significant relation to BD in silty and loamy SS. This
development increases the penetration resistance for plant
roots and reduces accessibility of particle surfaces and
exchange places for nutrient storage and availability (Jansson
and Johansson, 1998; Bygdén et al., 2004). At OM < 1%, Bt and
Bw-horizons with polyhedral and platy structures dominate and
indicate a strong increase in soil strength. The influence of BD
also has an impact on the composition of the soil horizons, and
results for BD are similar to the horizons with OM < 1%. Again,
the Bt- and Bw-horizons have both the highest Pc (by low OM <
1%) and BD > 1.5 g cm−³. Our results confirm the model
predictions of Hartmann et al. (2012) concerning reduced

aeration and plant available water storage in combination with
soil compaction effects.

On the other hand, proportion of stagnic M-horizons of
colluvic material (17%) and buried A-horizons for loamy and
silty soils are particularly high, which were recorded between the
80s and 00’s. Thus, we explain the strong presence of OM in the
SS with colluvial materials, which also have the lowest Pc. This
observation is consistent with the conclusions of Blanco-Canqui
et al. (2009). This circumstance lead to the fact that in
unstructured sandy and loamy SS with high OM values (>1%)
decreasing values of Pc over years (p < 0.05) are observed. This
unnatural increase of OM in SS thus causes a stronger slope of the
regression line in the sandy and loamy soils and leads to
implausible values outside the given time frame in years. For
further considerations, especially OM contents have to be looked
at more closely under the aspect of soil genesis on
agricultural soils.

Further, the reduced number, deformation and destruction of
soil aggregates by ploughing (Horn and Fleige, 2003; Six et al.,
2004; Arvidsson and Keller, 2007; Page-Dumroese et al., 2006;
Imhoff et al., 2015) and the increasing axle loads (Schjønning
et al., 2015), result not only in higher stress induced strains and
soil shearing in the TS but also in the SS with low OM content.
This deformation due to compaction and shearing cannot be
explained by the densification of the soil with increasing BD
which confirm the findings of Huang et al. (2021a, b), who
showed that different forms of stress (static or cyclic loading)
application resulted in variable internal soil processes, including a
loosening, irrespective of high stresses applied. These relations
also confirmed that the primary classification based on soil
texture is not sufficient to document general differences in soil
strength, if soils as three-phase-systems are considered. OM and
the matric potential in each case are the main factors influencing
soil stability in highly disturbed agricultural TS and SS, since
natural structuring by swelling and shrinkage and following
strengthening by organic compounds like acids, exudates etc.
can only occur in very short time frames before the next
destruction due to repeated tillage, seedbed preparation
followed by wheeling throughout the season due to spraying
and fertiliser applications occurs. These impacts result in a
continuous arrangement of particles, changes in pore
continuity and coinciding altered up to short term positive
pore water pressure. All this makes the predictions using
texture dependencies less reliable and does not allow long-
term predictions (Horn et al., 2019a).

Arable soils with reduced stability due tillage are much more
susceptible to over-compaction (Arvidsson and Hakansson,
1996) and this is evident because excessive Pc (>150 kPa)
especially of silty soils results in poor ecological properties like
ks. This observation leads to the assumption that MTG,
depending on the structuring and matric potential, have
different Pc ranges in which sufficient soil strength with good
ecological parameters are given.

Soil structure down to deeper depths needs to be linked with
soil strength data and soil functions. At a given matric potential
down to depth are structured soils the stronger the more
developed are the aggregates (Horn, 1981) which results in
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minor or no changes in hydraulic conductivity or air permeability
(Hartge and Horn, 1989;Wiermann, 1998; Zink et al., 2010; Horn
et al., 2018). This observation can be one of the main reasons for
the low R2 between Pc, OM and BD in the three MTG under
consideration. Horn (1981) arranged various aggregate types
according to increasing soil strength starting with coherent-
prismatic-blocky, subangular blocky, and finally crumbly
structure. However, due to the today’s stresses applied will the
aggregate dependent Pc values of such structures be exceeded by
anthropogenic (tillage, wheeling etc.) and geological processes
(ice pressure), and form plats which prevent not only an easy deep
rooting and high accessibility of particle surfaces for nutrient
storage etc., but even more important is the newly formed
horizontal anisotropy for fluxes (Horn et al., 2019a). The link
between these aggregate types and soil mechanical properties is
essential to know for a reliable prediction as it was already
published by Fleige et al. (2002) and Horn and Fleige, (2009)
for smaller datasets. Thus, the low R2 is due to the extreme highly
variable OM contents (0–4%) in SS.

In further papers we will compare selected data (based on
soil type and perennial sampling) over time, because it would
prove and enlarge the findings of Ehlers et al. (1983) that soil
strength is one of the most important factors for root growth
and that over time the over-compaction status of soils reaches
deeper soil layers. The consequences of the more compacted
soil horizons can be also derived from the delayed root growth
down to depth (Keller et al., 2019) which especially
concerning the necessary nutrient and water uptake by
plant roots will cause yield loss besides increasing soil loss
due to water and wind erosion.

Saturated Hydraulic Conductivity
It is important to determine when detrimental degradation of the
soil occurs. The concept of Pc, according to Horn et al. (1991b)
and Lebert and Horn (1991), describes the mechanical strength of
soil structure against vertical compressive stresses. If the mean
normal stress (σn) is smaller than the Pc, the soil retains its
physical integrity and no changes occur with respect to pore
volume, pore connectivity, and continuity. If σn, however, exceeds
the Pc, i.e (Pc/σn < 1), irreversible changes result, including
reduced gas diffusion, hydraulic conductivity, and negatively
altered pore size distribution. The DVWK (1997) documents
the link between Pc and limiting soil properties like ks (Table 3),
which is based on the new database.

In sandy soils, the single grain structure is almost exclusively
present, according to the results the primary pore size
distribution allows a high ks to be measured even beyond the
critical stress value of >150 kPa.

However, loamy soils are much more sensitive to elevated
Pc. Nearly 50% of the measured ks are below the critical value
of 10 cm d−1 (UBA, 2004a) at Pc between 90 and 120 kPa.
According to Horn and Fleige (2009) the limit of 90 kPa for
over-compression threat at 1.8 pF can thus be confirmed for
loamy soils. Given the average Pc values of loamy (84 kPa) and
silty (114 kPa) SS, we can assume that the recorded soils under
agricultural use of the last 40 years show critical ks values.
Between 30 and 150 kPa, silty soils have lower ks than loamy

and sandy soils. A total of 27% of silty SS fall below the critical
value, which is an indicator of the sensitivity of these soils.
Although silty soils are among the most productive soils also
in Germany and have been intensively used for agriculture for
decades or even centuries, no restriction values regarding
maximum allowed stress application have been defined.
According to the studies of Imhoff et al. (2015) and Díaz-
Zorita and Grosso (1999), soil vulnerability increases with
increasing silt content and humid conditions (precipitation >
evaporation), which confirms the results in this study.

Final Remarks
The data presented in this first paper indicate that soil
strength or remained constant but the coinciding ecological
soil functions of arable soils decreased and can confirm the
analyses of Keller et al. (2019). The dataset can be the basis for
predictions how soil management can limit soil type and
structure dependent sustainability if applied stresses exceed
the internal soil strength and following changes in plant
growth, fluxes including groundwater recharge, surface
runoff and carbon sequestration. It is irrefutable, that soil
deformation processes and intensities depend on texture in
combination with soil aggregation which require
corresponding and varying threshold values to avoid
further soil degradation and preserve the actual soil
properties for further generations.

CONCLUSION

Agricultural soils are anthropogenically influenced and differ
from natural sites in terms of their mechanical properties. For
the derivation of valid mechanical soil models, the
development of a soil database, such as the one presented
in this paper, is essential to estimate the consequences of
mechanical cultivation. The data show that the three MTG
(sand, loam, and silt) have different Pc values as a
consequence of long-term agricultural soil management.
The factors BD and OM of the TS and SS alone do not
characterize sufficiently the Pc, because the latter depends
on soil structure and pore water pressure, too. Within the
scope of this project, these connections for the entire soil
profile data are described in the following papers with detailed
analyses.

The link and comparison between the Pc, and the limiting soil
ecological functions can be the basis for soil type specific
management recommendations as they are defined in the
German soil Protection law (BBodSchG, 1998) by means of
the actual, precaution and activity values to avoid further
irreversible soil degradation.
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