SOILS ARE SENSITIVE REACTORS - DO WE
NEED A PARADIGM CHANGE TOWARDS A
MORE SUSTAINABLE SOIL USE?

Prof. Dr. R. Horn
CAU Kiel/ Germany
Soll Science
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not only for food
production, but

- » 9 Billion people 2050

» >1 Billion people are
starving already today

& » +70 % food /2050
| > More than 2.5 Billion ha

are already lost
worldwide

» + 100 ha/ day are
irreversibly lost even
only in Germany —

» Global change aspects
Include soil deterioration
e.g. due to high flooding



»INTRODUCTION

» Bearing capacity

» Some detailed insights on various scales

» Stress dependent changes in soll functions

~ Predictabllity of soil strength and soll resilience
or: Heavy Soll Loading - how much is too
muchn?

» Conclusions




Soils as non renewable and sensitive goods
have functions, but they are exposed to...

L

... soil deformation and degradation like changes in hydraulic
functions, biological activity, gas composition, mass transport,
C-storage, altered pesticide application need, remediation etc.

(Thin section: Pagliai




Bearing Capacity of
Soils

also an ecological perspective




Development of the mechanical stress input in
agriculture and forestry - anthropogenic effects

Increased area requires
more powerful machinery

1l

Enhanced stress intake
and depth distribution

HANOMAG g

about 1960



Is there an ecological principle in ,sustainable”

ground pressure?
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Natural Effects of Soil Strengthening

1) Tensile failure Q/Z) Shear failure
y

2Riss-
generation

* shrinkage intensity and frequency

e increasing salt concentration of the soil solution

B ges: 1.45 gin? * ionic valency and strength of the soil solution

15-17 glom® !  content and type of clay minerals
*(e.g. Smectit, Vermiculit)

e increasing org. carbon content and composition

} * biological aspects.




(2) crack formation (3) Dynamic
(ten5||e fallure) equilibrium
(tensile and shear failure)

b ¢ b 8 s

(1) homogeneous
partlcle dlstrlbutlon

(4) Densest sphere
packing due to

compression
= (Ioad)=

(5) Homogenization
due to kneading
(slip)




colloidal scale
<lpm

zeta potential ¢




What kind of physical soll
degradation processes are
essential?

What do we have to evaluate?
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1) Loss of air and water filled pores

Insight in soils as 3 phase systems under various
landuse

Forest soil under

125 - Forest Aridisol agricultural use
A
20,5cm
100 -
\ 4
¢ 53cm
5 75 A pores
=
(@)]
‘o
N
< 90 -
2
Solid
25 - particles
0 - '




2) Soll strength defined as Precompression stress
(structural and pore rigidity in marsh and moraine solls, pF 1.8)

Precompression stress (kPa)

o 50 150 0 50 150
0 1 A 1 > 0 1 i 1 >
APIAR Ap anthropogenic
plough pan
i XX || plough pan
o o | subsoil . Cg E N
(? 50 ® ® | compaction 50
ge) ,
= Bt pedogenic
)
2
— Field Cor v |
104 4 — Natural 100
“ Vegetation cy/| geogenic
cr processes
Calcaric Gleysol Luvisol

(Sandy Loam) (Sandy Loam)




3) Change In position: altered pore functions due to s

effects and induced soil weakening

shear strain of
wheel load

4 6 mm

plastic deformation

part of wheel load total vertical compression

due to dynamic load

mm

driving direction




4) Change in direction and functions

Isotropic soil
Ky = K, =K,

Anisotropic soil
Ky # K, # K,




5) Availability and Accessibility
e.g. root growth and rooting depth in soils and
corresponding nutrient uptake

conventional conservation
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6) What parameters are needed?
How to define soil functions and basi

Soil parameters

Capacity Intensity

« Bulk density *Hydraulic conductivity
» Pore size distribution ? * Aggregate strength
« Cation exchange capacity * Air permeability
 Texture « Diffusive processes
*Redox potential

e cation exchange intensity

. =

Arrangement,Organization,
and Functioning of Soil Structure

Horn & Kutilek. 2009



Some detailed insights
on the microscale — a rheological
approach




Three phase system solil with interfaces, solid-liqu Id, liquid-
vapor, and solid-vapor, physicochemical interpartic le
bonding and capillary forces

[
i e Tl
,,,

Liquid —
YeNe 4




Influence of fertilization on aggregation and shear strength

Improvement of structure

Fertilizer direct
(like K, Ca) by salts
indirect

by plant growth

Holthusen et al. 2010

schematic
(according to Fee

2. Shear strength Example potassium
¥ = -3 kPa

shear strength 71, kPa

K depletion K fertilized




Effect of fertilizer application on plant available water

Improvement of structure

» direct
Fertilizer by salts
(K, Ca, N, P)
indirect

by plant growth

schematic
(according to Fee

Water storage —explanation .o <o aial 2011 Example potassiu

—
(82]
\

pores too large —
water is drained

—_
B
|

0
immediately E
=
S 12-
. 8
average S|zed_ S 10
pores = water is o
stored and kept 8 s
available 'g
pores too small — £ ¢ e
water is intensively = 4

bound to matrix

K depletion K fertilized




Strength value: tan & Integral

Cruz Alta clayey Oxisol,
- Untreated.

tan o >1

Cruz Alta, clayey “Oxisol,
without organic carbon
%v‘b.‘. : . X

¥

-
|

b o il S 3;,
untreated T “‘?’I ]
_ ruz Alta, clayey OXisol;
i z =291 without izen oxids
@ Without org. C. o Q% Wy TS

tan 6<1 z=10,6 .:
A Without Fey

z=8,5

T

1
p—_—

10098 e

deformation y (%)

Markgraf and Horn, SSSAJ (2006)



Engineering of soll structure by plants and microbe S

BINDING BY FUNGI

AND ROOTS
BIOLOGICAL GLUES Stringy bag
Higher interparticle concept.
strength Biological pile
groups.

HYDROPHO

LUBRICANTS, EXUDATES

GELS .

Root exudates, ontact ang
Surface tens

border cells Surace o

Humic acids ydrop

Hallett et al




The Mesoscale




Aggregate dependent shear strength

(Mohr Coulomb failure line)

shear resistance [kPa]

prism

coherent

single grain

load [kPa]

Aggregation results in
-Higher strength

-Strength change after
exceeding internal
resistance

-Better aeration and
water flux



The Macroscale




Effects of tyre size and contact area pressure on
stress distribution

40 cm 42 cm 44 cm 46 cm 50 cm
— —> — “—

. stress = 100 kPa

| Consequence: stress distribution is the deeper, the

I greater the contact area at a given applied stress




soil surface

10
wheeling direction
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Shear effects cause a more severe structure deterio
weakening, rearrangement of pores and accessible su

5m 6m 7m 8m 9m 1M0m 11m

vertical soil compaction

Consequence for po
functioning on meso ¢
microscale

ration, soill
rfaces than



Pore water pressure [hPa]

-100

What are the detailed processes during such
mechanlcal deformatlon’>

'''''

ZU

collapse of structure

1 10 100
normal stress [kPa]
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How can we quantify changes
In soll properties and soll
functions




Interaction Between External Stresses And Internal

Soil Strength

Horizon, 0 25 50 75 100
depth (cm) | “ “ “

Normal stress  On (kPa)

Ah
25 —

175

Bt

100

Cv

—&— Tractor 100

== Combine harv.
light
=== Combine harv.

heavy
Sugar beet harv.

147 /49 cm
== Sugar beet harv

160/ 80 cm

soil strength
LLn

The intensity of changes depends on soil strength a
management

nd




Consequences for...

Soil structure, Soil strength,
Gas fluxes and Cation Exchange Processes

- the gquestion of availability and
accessibllity-




Stress And Strain Effects On Hydraulic Properties

Water flux
reduced
according to
pore diamete
decrease

Original

Unsaturated hydr}/” M
conductivity
increased

due to decline in
pore diameter at
defined suction

[ |
"O\' 0

h{ pla't
S‘ttlem t and sh Rfearra:g:ement I Shear Anisntrnpy

an:Ior!aores ﬂf Pan $ Enhanced

Tortuosity functions
lateral flow

Kia > K. and run off,
reduced
@ ® o

filtering and
buffering




Stress Effects On Hydraulic Conductivit

Soils remain wetter and colder especially in spring

L
o

log HYDRAULIC CONDUCTIVITY [m/s ]
- '\1

I
=
N

-20

= 0 kPa
= 20 kPa
— 50 kPa
= 150 kPa
= 400 kPa

Il

-40 -60 -80 -100 -120
MATRIC POTENTIAL [kPa]




Effect Of Structure Formation And Stress Application On The
Accessibility Of Chemical Cation Exchange Places

120
[ ] homogenous

B structured

100

80

60

40

cation exchange
%0

20

Shearing and smearing result in enhanced accessibil ity but

reduced advective and diffusive fluxes



Interaction between mechanical strength and microbi

al activity

0.98 3.35
0.96 1330 =
0.94 =
2092 132 E
© x
- 09 3 . Pew, | 3.20 q___f
O - A % O
> 0.88 Tonee —L Ay  3.15 &
0.86 7 — settlement - ¢ | 310 8
0.84 | - coz-effiux recompression '
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stress [kPa] RO [6 kPa]

A stress induced decline of CO2 may be followed by
an increased CH4 concentration

From Jasinska et al. 2006
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Normal stress

Soil displacement
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Redox Potential as a function of applied mechanical stres

> 400 EastctyI IPastcty
0 12 0 35 0 47 0

Mechanical Stress kPa

Redox Potential

0 8cm depth B 12 cm depth

Cambisol Ah horizon, pH: 5.2, -60 hPa
Data taken from Horn 1985
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Stabilization/mineralization of SOC — an effect for global processes

CG UG79
repeated mechanical stress no mechanical stress
low OM input high OM input

lmechanical stress < precompression stress 1

}og) OM o 9
: ‘ mineralization ~
organic matter ? A
(OM) @, Sap
/O,o microaggregate {

mineral particles

mechanically compacted ,clods” OM-induced aggregate hierarc
high tensile strength low tensile strength

low extent of physical OM protection high extent of physical OM protec
lmechanical stress > precompression stress 1
<
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low release of OM ‘ mineralization - high release of OM



Heavy Soil Loading
how much is too much?

What kind of changes are
required?




How heavy Is too heavy? 1st. conclusions

Not a simple question to answer:

Internal properties (Soil)

» stability of the soil (P.)

 pore water pressure (-changes)
* biological reinforcement

External properties (Boundary Cond.)
e weather / climate

* management '
« shear forces U EN:
* type of loading (single, multiple)
X000 _fwao

0 =7 : ...
- 9 e Yo 90/00lg SIS g - iy
Oy '?Q*I O

@
’.‘ e ¥

Wheel loads / mechanical stresses must be adapted to the

specific (soil) environment with the focus not only on trafficability

but mainly on the preservation of soil functions!



Use soils according to their soil strength !
Small scale info 1:1.000.000 data based on the data base: EU-

subsoil compaction

No Data High topsoil load
Very stable
Stable
Unstable
Plastic/ Fluent

Low topsoil load

1

N

Precompression stress at a given pore water pressure pF 1.8 for topsoils
of Europe in relation to a given low topsoil load (tyre inflation pressure: 60
kPa), high topsoil stress: 200 kPa)

Classification of the effective soil strength by the relationship of precompression stress to soil
pressure: >1.5 very stable, elastic deformation, 1.5-1.2 stable, 1.2-0.8 labile, >0.8 unstable,
additional plastic deformation.




|dentification of compaction sensitive areas

farm scale 1:5000

Moist: pF 1.8

drier. pF 2.5

CLASSES OF
PRECOMPRESSION STRESS

BN VERYLOW
LOW '
MEDIUM A

W HIGH

parent material: glacial till

(Horn & Fleige (2009)



Critical value: air capacity

Farm scale, 140 ha, subsoil: > 40 cm, pF 1.8

Actual stress impact: 90 kPa

Changesin air capacity (including the effect of areas with
stagnic water (right) in comparison with the original
conditions (left).

classification (Mol.-%): very low: <2, low: 2-<5, medium: 5-<13, high:
>13

)

Classification
air capacity

= very high



Concluding remarks

Heavy machinery compacts

Effects on fhe environment arable, forest, and pasture soils Consequences for plant production

Reduced growth,
higher uncertainty less
yield

Dust emission increased

20 gas Increased fungi i

L deseases,
emission

After rain storm more weeds

Rapid water table increase

et erosion
in rivers and lakes _

] = e :

reduced pore volume,

- reduced._ aeration
v v

-Water infiltration reduced,

- soils remain longer wet
and cold,

- more slaking problems, -

reduced water storage



- 1) Soil degradation processes occur a
all scales, are mostly irreversible
especially at deeper depth

» 2) Soil protection and landuse are no
conflicting each other, there are
boundaries - soil degradation can be
prevented but not reameliorated!

» 3) Soil use must be adjusted to its
rigidity and resilience conditions;

* 4) we need a paradigm change towar
more sustainable land management
system for a reliable future
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Many thanks for your attention

Biology
Plant production

agriculture

//; tillage

/ erosion
Physico : Yield/quality
chemistry Restrictions to soil

management

/

; Management
Physics J

muito obrigado

Modified after Weil3kopf 2010




Physical Soil degradation threat

Bodentefe in COm

e
10
20
30

Changes of physica
soil functions
40

SO -
o 1B
Stress propagation et
in the subsoil Consequences for STUEHHre
deterioration

ecological properties

e rosion

* root growth -Yienl.'d.

e airation s\Water- , gas- and . nutrient |gOSS uncertainty
« water storage *Nutrient uptake *Wind/water

*ponding emicrobial activity * water pollution

erosion



Final consequences: Is there a chance to developa  world wide C|AIU
soil protection manual/law based on agrophysical re search and
site specific properties?

Precaution Action Value

Max mass: < 5-6 Mg/wheel Max mass >7-8 Mg/wheel

e Stress/strength:<0.7 e Stress/strength >1.2
e Sat. Hydraulic Conductivity: >10+ ¢ Sat. Hydr. Cond.: <10 cm/s
cm/s site specific variation Anisotropy: > 3 (if in 0-50 cm)
Anisotropy hor/vert <=1 Anisotropy >2 (if > 50 cm depth)
e Air permeability: < 107 cm?
e Air permeability: >10 -6 cm? e ODRc<35
« ODR:70 « Penetration resistance: > 2 MPa

e Penetration resistance: <2MPa
 Redox Resistance: < 3 days

 Redox Resistance: >5 days 300 mV
300mV « CECICEI >3
e CEC/CEI>1.0
* Plant available water and minimal air
* Plant available water and minimal air capacity/effective rooting depth
capacity /effective rooting depth: Sand: - /10 Vol %
Sand: 60 mm /15 Vol % Silt: 150mm / 4-6 Vol %

Clay:150 mm/10 Vol %



Values for a sustainable landuse planning —can we a  pply our

knowledge also for regulations and formulation of | aws

Modified according to the German Soil Protection Law (1998

Precaution value

AN

Control range
Ground Ievel\ Interaction with further

(phys., biol, chem.properties

\-
|
|
a
- :
= tl
a
Natural and/or actual E
in situ soil strength, Specific analyses : :
soil properties, and (e.g. Regulatlonfwnr?
functions precompression respect to furtne
/ stress and use |nCIUd|ng
changes in soil amelioration and
nervosity functions) use change req
Possible jmplications requested for
for soil functions further decissions

protective goods



Critical value concept to verify a damaging (sub-)soil
compaction /multiple passes, n=100)

] load variant
< unloaded

A 10x 6.3Mg wheel track |
@ 10x 7.5Mg wheel track

percentage o
degradation clas:

AC <5 s e : I=ks>10 cm/d
Vol% [ | i
————— AC>5 Vol%
0 1 ks <10cm/d 100 1000 10000
ks in cm/d lI=ks<10cm/d
AC>5 Vol%
Il1I=ks>10cm/c

AC<5V0l|%

10x
unloaded — 6.3Mg




Some detailed insights
on the microscale - a
rheological approach

shear stress T, Pa

v

deformation y, %




Sensitive Soil Parameters at Various Scales

'—------------------~
1
|
|
colloidal particle-to- | | aggregate to field _
scale particle scale | | scale field scale
<1ipm(- <250pum : >250um landscape
I ~ = —
i =
|
| f

cyclic compressibility

inmdav ~

G, G”, tan 9, z,

shear

At all scales we need to include the chemical, phys  ico chemical,

physical and biological processes and functions in order to
undprstand, xplain and to defipe the elasticity resilience
.agglomeration ) .1 . . .
lIMiks Qiog0Ils) / stiffness degradationy direct shear: c; @ liquefaction

shear behaviour [

'—------------------/

Markgraf (2011)




/regulator ;

pneumatic
piston

for suction

core sample




Wetting and drying induced changes in particle
arrangement

Peth et al. 2010

Consequences: changed tortuosity,
altered accessibility for nutrients, gas, and water




Verbindung von
oben bis unten!

R

Pagenkemper et al. 2011

Fazit: Nicht alle Hohlraume, sondern nur die verbund  enen Volumina entscheiden
Uber den Austausch (Wasser, Gas, Warme, sowie diei  nsgesamt tatsachlich
speicherbaren und fur die Wurzeln etc erreichbaren Nahr- und Schadstoffe




deformation y LVE range [%]

o
" = 13 % clay
N o..-- 021 % clay
N R L |

50 100 150 200 250
K fertilization [kg/ha]

D. Holthusen et al. 2011

Soulié et al. 2007 Powder Technol

A higher
deformation
y value
indicates

a

higher
stability



FERTILIZING EFFECTS Rothamsted Broadbalk long-term Experiment
Mineral vs. organic N fertilizer

semi-quantifying stiffness: integral z

Plot Treatments saturated pre-drained
0 kPa -6 kPa -15 kPa
3 NIL 24.99 31.67 63.47
21 FYM+N, 30.09 64.19 66.05
2o FYM 33.71 63.30 62.01
M 6 N,PK(Na)Mg 30.64 55.42 65.36
m 7 N,PK(Na)Mg 30.01 55.27  65.27
M o N,PK(Na)Mg 34.93 59.35 65.96
M 16 NPK(Na)Mg 32.98 58.69 65.66
w2 Wilderness (grass) 38.36 62.82 63.03
PF Bare fallow (Highfield) 31.37 51.91 63.27

Plot 3; PF << 6; 7<9; 16 < 2.2; 2.1 < W2
. IS .

no fertilizer << mineral N< organic N< wilderness

grass) ~
no fertilizer << Ca2* (lime) < Ca?* (lime) with fungal hyphae < micro roots and £

fungal hyphae




(b)

£ 3 A PGA2glt
@) A
c
= A
2L, 4 » PGAO05glt
== C
2 3 N ¢ Xanthan2gl! ©
o= ¢
o O
SE —s - control
% g . ® Dextran2gI?t
x £

0 I 1 L I I 1

0 2 4 6 8 10

Wetting/Drying Cycles

Polygalacturonic
- Model root exu

Bacterial
Exopolysacchari

Bacterial
Exopolysacchari

Czarnes, Hallett, Bengough & Young. 2000. European Journal of Soil Science, 51, 435-443




Stress tensor

\
O, T, Ty
T, O, T,

Tx Iy O,

BMVEL 03HSO003



Pc versus stress (modelled/measured)

Pc, mean normal stress on [kPa]

0] 50 100 150 200 250
O | | | | 2o
6.5 Mg 5 |
20 - , /
— Y4
E o
=
2 40 - & Pc modeled
© ¢ Pc measured
—o— 3.3 Mg
60 - —e— 6.5 Mg
3.3 Mg

Stagnic Luvisol, glacial till, conventional tillage

Comparison of measured Pc (pF. 1.8, n=6, arithmetic mean and standard deviation) and
modeled Pc by using pedotransfer functions and in situ soil stresses (3 replicates, arithmetic¢,_

mean) using the SST-sensor system
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conductivity and anisotropy

-2 //// 4
o Measured data (v) ----- Fitted Ku (v)
— x X Measured data (h)-------- Fitted Ku (h)
§ B A(Ks) A (Ku) )
o o T sl ~
- - ey
2 oo, T, 0 X
= oy
8 g S
= 2 S
c -~ >
S -6 3
L IS)
2 a) B
T 25 cm CIIS2 '
-8 —/f T T T T — T -6
-0 0 1 2 3 4
pF
_2 //// 4
O o Measured data (v)----- Fitted Ku (v)
_ " X Measured data (h)-------- Fitted Ku (h)
(%]
I= B A(Ksy———A(Ku) }[2
[&] —~
m - )
e <
> 03
Z - X
= (@]
.
c e >
S -6- 3
L ©
= [2)
@ B
2 a)
L 15 cm ClIS2
-8 —7f T T ! T ! -6
Doerner 2005 0 1 2 3 4
pF

Conseqguences
for soils with
platy structure:
Increased
-lateral fluxes
-anoxic
conditions
-Penetration
resistance

Reduced
accessibility



Load - Deformation - Failure

- undrained
- elasto-plastic

- non-linear and hysteretic

® 4 - hydraulic stress dependent
- initial strain
Moisture : Stress
Coupling V Coupling
AE, =1(N,0) urrrgerrrrnres(@rreeeess g AN =1(o,8)
- Shrink By ’ ~ - Critical State
- Swell : - Effective Stress

Transport processes
(Water, Solutes, Heat)

- non-linear and hysteretic
- stress-strain dependent
- finite strain
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Root growth a key factor for
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Interaction between soil properties and the environ ~ mentC AU

Atmosphere :
P Soil
Denitrification

- formation of climate
change relevant gases

Physico- Biology
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. Agriculture/

Physics forestry

Soil damage, erosion

impeded root

growth > yield loss
increased e nergy
demand,fertilization

What is the critical resilience of soll properties?

1tly modified from



A Scheme Of Direct And Indirect Effects Of Soil OxygenOnPlan ~ tsC|A U
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The cycle of rocks complemented by the cycle of soi I
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