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Soil compaction: definition and concept

soil compression: when subjected to pressure  soils tend to
compress = tend to  bulk density

• soil consolidation: compression of a saturated soil by “squeezing 
out” water  mostly used in geotechnics

• soil compaction: densification of unsaturated soil by reduction 
of fractional air volume  used in geotechnics and in soil 
science, hydrology, agronomy or plant ecology



UGENT SOIL PHYSICS GROUP4/87

Soil compaction: definition and concept

• geotechnical approach:

soil considered as a construction material (e.g., for roadbeds, 
embankments, foundation for various structures) 

 enhance strength + reduce permeability of soil layers 

 soil compaction is a means to achieve this (cfr. Proctor test)

©Alan Scott
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Soil compaction: definition and concept

• soil science, hydrological, agronomical, ecological approach:

soil is medium in which seeds germinate and roots proliferate, 
and in which water (and gases) is transmitted 

 soil compaction is undesirable consequence of 
mechanisation

 reduces the soils productivity, and capacity to store, transmit 
and alter water and solutes (except when puddling for 
preparing rice seedbed)
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Soil compaction: definition and concept

Soil Science Society of America: 

“the process by which the soil grains are rearranged to decrease 
void space and bring them into closer contact with one another, 
thereby increasing the bulk density”

©Pennsylvania State University
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Soil compaction: definition and concept

results from vertical ánd horizontal movement of soil particles

©Jan Van den Akker

soil compaction s.s.  structural strength

soil deformation  shear stress
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Soil compaction: definition and concept

• soil becomes compacted when applied pressure (e.g., by 
machinery) > precompression stress PCS (soil strength)

• PCS is measure for risk to soil compaction: 

PCS  susceptibility to compaction 

• depends primarily on clay, OM, structure (sensitivity) and on 
soil wetness (vulnerability):

pF  (dryer)  PCS 

OM, structure  PCS 

clay   PCS  when soil is rather dry
 PCS  when soil is rather wet
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Soil compaction: definition and concept
example of relation between PCS and clay content & soil wetness (pF)

as applied in Terranimo

©UGent
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Soil compaction: definition and concept

©UGent

• PCS typically determined with oedometer (uniaxial 
precompression test)

©UGent
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Soil compaction: definition and concept

elastic

plastic

PCS

©UGent
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Soil compaction: definition and concept

Keller et al. 2016

©J.A. Nielsen
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Forms of soil compaction

• dense crust

conventional
ploughing

non-inversion
ploughing©UGent
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Forms of soil compaction

compacted                               non-compacted

©Chambre d’Agriculture du Nord-Pas de Calais

• dense topsoil
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Forms of soil compaction

• dense tillage pan

©Chambre d’Agriculture du Nord-Pas de Calais
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Forms of soil compaction

http://maxa.maf.govt.nz

• dense tillage pan
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Forms of soil compaction

• dense subsoil
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Forms of soil compaction

• naturally formed compacted subsurface layers (fragipan, ...)

Fragipan
mottled silt loam with pale grey soil-filled 
cracks; very dense

http://atlas.massey.ac.nz
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Forms of soil compaction
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Relevance of soil compaction

Soil threat Cost

erosion €0,7 – 14,0 billion

decline in OM content €3,4 – 5,6 billion

soil compaction no estimation possible

salinity €158 – 321 million

land slides tot €1,2 billion per incident

pollution €2,4 – 17,3 miljard

sealing no estimation possible

decline biodiversity no estimation possible

Soil threats according to EU Thematic Strategy on Soil Protection
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Relevance of soil compaction
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Relevance of soil compaction

research on soil compaction 
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Number of papers including the term ‘*soil compaction’ in its title (not even topic) published
in WoS journals (SCI-Expanded) per year (on 7 April 2014).
Cornelis (2014; ESSC Newsletter)
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Relevance of soil compaction

particular attention to subsoil compaction (incl. formation of 
tillage pan)

• quasi permanent

• natural recovery is very difficult

• subsoiling leads to permanent damage of soil structure

+ leaves the soil extra sensitive to compaction
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Susceptibility to soil compaction maps

JRC (2008)

Susceptibility to soil compaction in Europe



UGENT SOIL PHYSICS GROUP25/87

Susceptibility to soil compaction maps

Horn et al. (2005)

Susceptibility to subsoil compaction (30-60 cm) in Europe
(based on PCS calculated with pedotransfer functies of Lebert & Horn, 1991, STILL)
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Susceptibility to soil compaction maps

van der Bolt et al. (2015)

Susceptibility to subsoil compaction (>40 cm) in Flanders
(based on PCS calculated with pedotransfer functies of Lebert & Horn, 1991, STILL)

after conversion of PCS values to 4 susceptibility classes 

(kPa)
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Causes of soil compaction

©Egon Zitter

cattle: density 
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Causes of soil compaction

farmprogress.com

heavy machinery: soil tillage

southeastfarmprogress.com
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Causes of soil compaction

farmprogress.com

heavy machinery: fertilizing

southeastfarmprogress.com
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Causes of soil compaction

esdac.jrc.ec.europa.eu

heavy machinery: harvesting
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Consequences of soil compaction

reduced yield + environmental hazard

 soil quality 

= capacity of soil to perform functions optimally

according to EU Thematic Strategy on Soil Protection:

• biomass production

• storing, filtering and transforming of nutrients, chemicals and
water

• hosting the biodiversity pool

• acting as a platform for most human activities

• providing raw materials

• acting as a carbon pool

• storing geological and archaeological heritage
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Consequences of soil compaction

and thus…

• mechanical resistance  (root proliferation)

• disturbed aeration

• disturbed hydrology

in particular:

• soil productivity 

• biodiversity 

• runoff + soil erosion 

• runoff and leaching of nutrients and agrochemicals  (water 
quality )

• drought and flood risk 

• N mineralisation 

• greenhouse gas emission  : N2O , CH4 ,  CO2  + NH3
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Consequences of soil compaction

©UGent

©UGent

©UGent
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Consequences of soil compaction

©Vlaamse Landmaatschappij VLM

©Vlaamse Landmaatschappij VLM
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Consequences of soil compaction

adapted from Ahmad et al. (2009, Field Crops Res.)

silt loam
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Consequences of soil compaction

linked to reduced physical soil quality:

• penetration restistance 

• bulk density  (pore volume )

• macropore volume , structural pore volume 

• air capacity 

• air permeability : connectivity , tortuosity 

• water retention curve changes (in ‘wet part’)

• water permeability : connectivity , tortuosity 

• infiltration capacity  (+ hanging water table)
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Consequences of soil compaction

example: study in Finland on Vertic Endostagnic Cambisol (clay) 
compaction  plots subjected to four passes of tractor + trailer

Schjnning et al. 
2013, SSSAJ
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Consequences of soil compaction

example: study in Italy on Vertic Cambisol (clay) 
compaction  plots subjected to 1 to 4 passes 

of tractor with tracks and tyres

Pagliai et al. 2003, STILL
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Consequences of soil compaction

example: study in Argentina on Typic Argiudoll (loam) en Entic
Hapludoll (sandy loam) with resp. platy and blocky structure

Lozano et al. 2013, Soil Sci

platy blocky 
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Consequences of soil compaction

example: lab experiments (-h curve and Ks)

Assouline, 2011
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Consequences of soil compaction

example: study in Poland on Mollic Fluvisol (sandy loam )
compaction  plots subjected to several passes of tractor 

Głab 2014, STILL
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Consequences of soil compaction

example: lab experiments (K-h)

Zhang et al. 2006, STILL
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Evaluation of soil compaction

indictators for soil compaction according to ENVASSO 
(ENVironmental ASsessment of Soil for mOnitoring) with 
threshold (critical) values (Huber et al., 2008)

• penetration resistance

PR  2 MPa

• bulk density 

BD  1.75 – 0.009 clay (Mg m-3) for clay > 17.5%
BD  1.60 (Mg m-3) for clay ≤ 17.5%

• air capacity (POR - -5kPa)

AC ≤ 0.10 (m3 m-3)

• saturated hydraulic conductivity (permeability)

Ks ≤ 10 cm d-1
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Evaluation of soil compaction

Visual Evaluation of Soil Structure (Guimarães et al. 2011)



UGENT SOIL PHYSICS GROUP45/87

Evaluation of soil compaction

Electromagnetic Induction EMI

EM38, Geonics, Canada ECa

©UGent

©UGent
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Evaluation of soil compaction

Electric Resistivity Tomography ERT

Séger et al. 2010
Band 1, 2, 3 and 4 show the location of compacted zones

ΔV
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Evaluation of soil compaction

X-ray Computed Tomography

Centre for X ray tomography, UGent

Centre for X ray tomography, UGent
Luo et al. 2007, SSSAJ
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Evaluation of soil compaction

example: Flanders, Belgium

 study on 30 agricultural fields (commissioned by Flemish 
Government with WUR and VITO)

all textural classes represented

©UGent
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Evaluation of soil compaction

http://atlas.massey.ac.nz

©UGent ©UGent

• penetration resistance



UGENT SOIL PHYSICS GROUP50/87

Evaluation of soil compaction

http://atlas.massey.ac.nz
©UGent

• penetration resistance
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Evaluation of soil compaction

• hydrophysical soil properties

plough layer

tillage pan

subsoil

ring + hammer head

©UGent

headland

centre
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Evaluation of soil compaction

• hydrophysical soil properties

permeability Ks  falling water head KSAT

©UGent

©UMS
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Evaluation of soil compaction

• hydrophysical soil properties

permeability Ks  falling water head KSAT
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Evaluation of soil compaction
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• hydrophysical soil properties

-h and K-h curves  evaporation method HYPROP

+ bulk density BD, air capacity LC
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Evaluation of soil compaction

• hydrophysical soil properties

-h and K-h curves  evaporation method HYPROP
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Evaluation of soil compaction

• hydrophysical soil properties

-h and K-h curves  evaporation method HYPROP
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Evaluation of soil compaction

©UGent

• penetration resistance in tillage pan
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Evaluation of soil compaction

©UGent

• bulk density in tillage pan
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Evaluation of soil compaction

©UGent

• permeability in tillage pan
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Evaluation of soil compaction

©UGent

• permeability in tillage pan

©Chambre d’Agriculture Nord-Pas de Calais ©UGent



UGENT SOIL PHYSICS GROUP61/87

Evaluation of soil compaction

• overview headland all fields, 4 indicators

van der Bolt et al. 2016
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Evaluation of soil compaction

• monitoring of soil-water content and groundwater table

• Decagon 10HS-sensors  at 3 depths + EM50-logger 
+ Diver at 2 m

• to calibrate soil-hydrological model (Hydrus and SWAP)

©UGent ©UGent

Decagon

Decagon Eijkelkamp 
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Evaluation of soil compaction

• water ponding now (2015-2016) and in future IPCC (2100-2101)

highly compacted moderately compacted not-compacted (1960’s)

2015-2016

2100-2101
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Measures against soil compaction

• remediation:
 mechanic loosening (ploughing, decompacting, subsoiling, ... 

+ gypsum, OM)

©CRA-W ©Imants

©Odenwald Werke Rittersbach
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Measures against soil compaction

• remediation:
 mechanic loosening (ploughing, decompacting, subsoiling, ... 

+ gypsum, OM)

... but, make soil more susceptible to compaction
+ damage to soil structure: smearing effect

©CRA-W
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Measures against soil compaction

• remediation:
 biologic: earthworms, plant roots, 

endotrofic vesicular-arbuscular (VA) mycorrhiza fungi

Recolonisation of a compacted zone by earth worms

Capowiez et al., 2008 

non-compacted 1 month after compaction 8 months after compaction 24 months after compaction
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Measures against soil compaction

©BDB

crops with intensivie rooting/pen roots

©BDB

©J. Ferwerda

Faba bean, Vicia faba

Rapeseed, Brassica napus

Raddish, Raphanus sativus
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Measures against soil compaction

©Jan Van den Akker

deep-rooting crops (Sorghum)
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Measures against soil compaction

• prevention:

 increase soil strength (sustainable soil management –
conservation tillage, strip till)

no till
non-inversion

tillage

conventional
tillage

©SOWAP
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Measures against soil compaction

• prevention:

 increase soil strength (sustainable soil management –
conservation tillage, strip till/drill)

strip till/strip drill ©Strip-till farmer

©Väderstad
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Measures against soil compaction

• prevention:

 controlled traffic

permanent traffic lanes                                     circulation at harvesting

©Xavier Masson

©VLM

©Davco
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Measures against soil compaction

• prevention:

 on-land ploughing

on-land ploughing

©boerenbusiness

©machinefreakz

conventional ploughing
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Measures against soil compaction

• prevention:

 timing activities (in function of soil wetness)

©VLM

soil wetness
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Measures against soil compaction

• prevention:

 wheel load and inflation pressure

wheel load                      inflation pressure tyres

©Chambre d’Agriculture Nord-Pas 
de Calais

©VLM
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Measures against soil compaction

• prevention:

 wheel load and inflation pressure

automated tire inflation systems                       Improved Flexion IF tyres

©Firestone



UGENT SOIL PHYSICS GROUP76/87

Measures against soil compaction

• prevention:

 type and width of tyres/tracks

tyres                                                      tracks
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Measures against soil compaction

• prevention:

 lighter vehicles: unmanned GPS-based tractors

©Farmertronics

©GreenTechpower
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Measures against soil compaction
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Measures against soil compaction
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Flemish policy on soil compaction 

• VLIF financial support to purchase improved flexion tyres and
automated tire inflation systems 

• awareness raising (field demonstration days, agricultural fairs, 
financial support to awareness-raising projects, ...)

• best practice guide for farmers and advisers/extensionists
(2017)
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Addendum: soil compaction and Bolivia

5 from 2002-2015  forestry

7 from 1989-1998  agriculture –
all by R.G. Barber (Santa Cruz)

Papers including the term ‘*soil compaction’ and ‘Bolivia’ in
topic, published in WoS journals (SCI-Expanded) per year
(on 13 February 2017)
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Addendum: soil compaction and Bolivia

INIAF 2014

agricultural machinery (%) 
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Addendum: soil compaction and Bolivia

Chuquisaca...

©UGent

©UGent

©UGent
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Addendum: soil compaction and Bolivia

Chuquisaca...

©UGent

©UGent
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Addendum: soil compaction and Bolivia

Chuquisaca...

©UGent
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Addendum: soil compaction and Bolivia

Chuquisaca...

©UGent

©UGent

Faba bean (Vicia faba)                                                  Yucca 
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Addendum: soil compaction and Bolivia

conventional subsoiling with ard plow

Temesgen et al. (2012)

strip tillage with inter-row space undisturbed and 
with subsoiling for tillage  pan disruption -

Ethiopia

Chuquisaca...

... compaction might be positive?



Muchas
gracias

© Agriflanders


