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oil compaction is a densification and reduction in

porosity, associated with changes to the soil strug-

ture and (usually) an increase in strength and a re-

duction in hydraulic conductivity (Soane and van
Ouwerkerk, 1994a).

Soil compaction couses problems in crop and forest
production worldwide (Soane and ven Ouwerkerk, 1%594h)
and thus has received much amention in research and
extension. The compaction of soil should be avoided
because: :
= il credes a poor environment for rools: poOT acration, wa-

terlogging, and excessive soil strength limiting root

growth (Taylor and Gardner, 1963; Stepniewski et al.,

1994), a reduced non-limiting water range (Letey, 1985,

MeKenzie and McHratney, 2001); and, sometimes failure

of roots to exploit all the soil [right-angled roots (fig. 1),
elc. ).

« can lead to excessive nunofT and erosion (Fleige and Homn,
2000).
Sometimes, however, compaction is desirable, becausé it

can lead to:

* improved seed-soil contact, and hence better germination
and growth of the seedling (Radford and Nielsen, 1983);

* improved crop yields during extremely dry years (Ragha-
van el al., 1979);

+ better roadways (farm roads, lanes between beds), dam

bases;
* reduced deep drainage, for example in flooded rice sys-
tems (Humphreys et al., 1992).
The literature abounds with textbooks (Bames ¢t al,, 1971;
McKyes, 1985; Soane and van OQuwerkerk, 1994a) and

conference proceedings (Arvidsson et al., 2000; Hom et al.,
2000), Compaction articles appear frequently in journals
such as Solf and Tillage Research, Jowrnal of Terramechan-
ics, Trangoactons of ASAE, and Applied Engineering in
Agricultire. Hamza and Anderson (2005) and Raper (2005)
recently reviewed the literature.

In this review, we do not attempt 10 review the whaole of
the literature. Rather, we pick out the main threads, and
examine compaction from a practical viewpoint — how to do
it, undo it, or avoid doing it. We also examine the need for
further research and offer some suggestions.

Figure 1. Cotton tap mot deformed by sall compaction at multiple depths.,
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DoING IT (CAusEs)

! S0il compacts when it is too weok to bear the stresses
imposed on it = which could mean that the soll is weak, ar that
the load cousing the stresses is excessive, or both. Excessive
loads may arise from artificial {tractors and other vehicles,
implements) and natural causes (animals, trees). Weak sol
may arise when it [s wet, or loose, or both.

WEAK S0

Soil is ideally suited for root growth when it is fairly molss,
well aerated, and is not too strong to impede root growth, In
this condition, it is generally too weak to bear heavier
agricultural trafTic. It is a matter of common observation as
well as research Mndings that a molist, freshly tilled seedbed
will compact greatly if driven upon (Botta et al., 2002).

Soil strength varies greatly, being determined mainly by
the moisture content and the density. The soil composition
also affects soil strength, primarily through its influence on
s0il moisture content and density.

Moisture Content Effect
Sodl moisture content is generally singled out as the most
important influence on soil strength and hence on compac-
tion (Hamza and Anderson, 2005). In Vertisols (essentially
heavy clays, with a high clay content at all depths from the
surface to 50 cm or more, and often cracking when dry unless
imigated or cultivated), strength can vary by two orders of
magnitude over the range of moisture contents (for a given
density) commonly experienced in agricultural operations
(fig. 2; Kirby, 1991a) Other soils behave similarly, showing
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Figure L Precompression strength of 8 range of vertisols as o function of
liguidity index, The line is the best fit functional line at the mean

regression
wvold ratio {Kirby, 1991}, and has an R? of abowt 0.7, The precompression
stremgih equals the stress at which a vehicle will start to compact the soll
and is thus the most direct measure of streagth to reslst compaction
(Kirby, 1991b). The liquidity indes is & sormalized malsture content and
0 hias @ value of zeve at the plastic limidt, and it s negative at molsture con-
tents drier than the plasile Nmit, which emables solls of & range of ligukd
and plastic limits to be plotied on the same moksture relsted scale, It s de-
fined as Liguidity Index = Cantent - Plasthc Limii} / (Ligukd
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stress impased by mbd-range agricultural vehicles.

severe soil compaction when wet, but resisting vehicle traffic
quite effectively when dry (Voorhees et al., 1986; Allen and
Musick, 1997}, At the one extreme, these soils can be strong
enough 10 bear the pressures of agricultural vehicles without
showing signs of their passaps, At the other extreme, there is
intensive compaction and rut formation. Cther soils ""’3.5" nat
show the extreme variation in strength displayed by Venisols,
bt mevertheless, moisture content is the most important
determinant of strength In most soils, !
Although wet soils are weaker, very wet soils technically
do not compact (Ekwue and Stone, 1995). Compaction 15
densification through the expulsion of air, and therefore by
definition a ssturated soil cannot compact. In this very weak
state, however, tires and implements will smear the soil
intensively (Davies ot al, 1972), an action which disrupts
pore continuity. This leads to reduced hydraulic cmduclq-u:.-
and may be more deleterious to roet growth than cofmpaction.

Density Effect

In Australian Vertlsols, soil strengih increases an order of
magnitude over the range of densities (for a given moisture
content) commenly experienced in agricultural operations
{fig. 3; Kirby, 1991a). The effect is smaller than the cffect of
varying moisture content, but is nevertheless an imporiant
contrel on soil strength. Again, the soil varies from a
condition in which it is strong enough to bear traffic to one
in which traffic will greatly compact il.

Figure 2 shows that the plastic limit (see next page)
comespands lo & precompression strength of about 100 ]u:?a.
which is approximately the stress imposed by many agricul-
tural vehicles. As a result, we conclude that at the plastic limit
soil is able to bear the stress of many wehicles without
excessive compaction, but heavier vehicles will compact the
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Figure 3. Precompression strength of a range af soils oy o function of void
ratlo. The line is the best 6t functional regression line at the mean liquidity

indes (Kirky, 19%91a) , and has an R? of about 041, These dats are from
the same dataset as these in figure 2, and the best it line s in foct o plane
om & 3D plot. The vold ratho b defned as the volume of vokds in the soll di-
vidded by the volume of sallds, and so s inversely related to the density: the
bulk at 2 vold ratlo of 0.6 Is about 183 Mgim?, and at & vold ratio
of 2 ks about 135 , The precompression stress is defined in terms of
vodd ratho (Kirby, 1991b), hence the use of vold ratio rather than density.
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Flastic Limit

The plastic limit is rendily measured index of soil condition, defined as the malsture content dividing a
;pla:s:u: stale [rom a rigid state, and camespanding to a Hquidity index of zero, In the Meld, a quick test can be used
1o judge whether soil is wetter than, at, ar drier than the plastic limit. Work a small ball of soil (half the size of &
gnlfball]- in the |‘|B.!I'I.d, and then roll a part of It into a thread or worm betwesn two hands.

ITa long, thin thread (about S-cm by - to 5-mm diameter) is rolled easily, the soil is wetter than
the plastic limit. Compaction will result from traific by many, perhaps most, vehicles.

IT the soil cannot be rolled but smears easily, then it is much wetter than the plastic limit. Com-
paction will result from traffic by virwally all vehicles,

ITthe s0il cannoat be rolled into a thread, but crumbles or breaks into hard crumbs, it is drier than
the plastic limit. Compaction is unlikely to occur and is unlikely to be severe.

IT the seil can just be rolled without crumbling, but is “on the edge” of crumbling, it is at about

the plastic limit. Some vehicles will compact the soil, and some lower ground pressure vehicles
will not.

These guidelines are rough, since the field test is a rough one, but they are nevertheless useful. The laboratary
form of the test is similar but performed under more controlled and exacting conditions, and it is followed by an

accurate determination of the molsture content of the soil.

soil. The plastic limit also corresponds to the ideal state for
tilling soil {Dexter, 1988,

Soil strength is rarely constant with depth, usually
increasing with inereasing depth and sometimes showing a
peak at the plowpan depth (Schafer-Landefeld et al., 2004},
Thus, soil might be too weak in the surface, and compact
there, while being sufficiently strong to resist compaction at
depth. When the soil is weak at depth, compaction can rezult
from vehicle traflic, and it is generally harder to reverse than
compaction at the surface.

Some soils may naturally return after tillage 1o a
compacied state that will significantly impede root growth.
Their particle size distribution may place them at risk for
‘natural® soil compaction as opposed to ‘vehicle-induced
soil compaction. A well-graded soil with a uniform distribu-
tion of particle sizes over the entire range of diameter classes
(such as well-graded loams) may naturally form a compacted
layer as opposed to a poorly-graded soil with several finer
particle sizes present (such as a sand or a silt) which is less
likely to compact (Gaultney et al,, 1982; Craul, 1994).

ExCrssive LoADS/EXCESSIVE STRESSES

Compaction is determined by three broad factors; the
severity at the surface depends on the stress exerted at the
surface; the impact at depth depends on the stress exerted at
depth which is in tum related to the gross mass compacting
the soil; both surface and deep impacts increases with
repeated loading.

Severity of Compaction at the Surface

Stresses beneath tires and tracks of agricultural vehicles
havcbommmmdhymmywa&m,bmhinlahummmil
@mmmmuﬂdmmdaglm.mﬁuma
tire-soil contact generally range from about 50 kPa (under
h-ach“‘ h:i;rwid:hidwﬁrﬂjtﬂu)khwm[wﬁm
wi vehicles, such as cotton ) (Kirby and
m%m 1992). i

§ stress range is similar to the range of strengths with
soil may bear the stresses. Stresses at the top end of the

range (heavy vehicles on small/narrow tires exerting pres-
sures of 300 kPa or more) are greater than the soil strength
except when the 2oil is in the driest condition (within the
range usual in agriculture), Stresses at the battom end ufll‘_u:
range, will only compact soil that is wet and weak, but will
not compact soil in an intermediate condition. Mote,
however, that any vehicle will compact soil that is weak
enough,

Thus, compaction at the surface will always be more
severe under a greater stress. For some combinations of
stresses and soil strengths, a smaller stress may not compact
the soil at all while a larger stress may exceed the swrength
threshold and cause compaction.

Fmpact at Depth

Isolines of stress beneath a tire or track extend into the soil
to & depth that is proportional to the width of the tire or rack.
So, for equal stress at the surface, larger tires or tracks afect
the soil to a greater depth than smaller tires or tracks (Soehne,
1958). The stresses at the surface remain equal with
increasing tire size when the total vehicle mass increases in
proportion to the tire size. Thus, a larger vehicle mazs will
affect soil to a greater depth than a vehicle of smaller mass
with the same stress at the surface (Botta et al., 2002: Besli
et al,, 2004),

Tractors and other agricultural vehicles have gotten
bigger in recent decades (Soane and van Quwerkerk, 1994a).
Such vehicles cause concem over subsoll compaction, which
is harder to see and harder to reverse than compaction at the

surface (Hakansson, 1994),

Repeated Loadings

When the soil is weak enough, or the stresses great enough
fwmmﬁunmm.ﬂwimpmmuimmdd:pﬂmf
hmmmmmmufmwhhlcmm
et al, 1997a). The first pass of a wheel does the most
compaction ( et al,, 1969), but the effects of repeated
wheeling can still be measured after several passes (Bakker
and Davis, 1995; Hamza and Anderson, 2005).



Flowpans, Plowpans result from implement action, w
can ca?m! bulh compaction .”'“’ aml!ad'ipng. dl:'penﬂingl nnh:::
state of the soil during plowing. Unless a tine has o perfecthy
sharp edge (which, even if it did initlally, would soen wear
and become rounded), the underside of the rounded tip will
exert lage compressive forces on the soil. If the soil is very
wel, it will smear, If is wet, but not very wet, it will compact,
II_“‘ known that at about the plastic limit, soil is in its most
friable state and thus in the best condition for plowing
(Davies et al., 1972; Dexter, 1988),

Animals. We have concentrated above on compaction by
agricultural vehicles, but treading by animals also couses
compaction and smearing (Willatt and Pullar, 1983; Hamza
and Anderson, 2005). The siress exerted by animal hooves
can be great, but since the gross mass of the animals i3 small,
compaction by animals is restricted to the surface soil
(Hamza and Anderson, 2005). Repeated treading by animals
around gateways and watering poinis can lead {0 consider-
able compaction,

Trees. Trees are heavy and exert considerable stress on the
soil, The stress is increased by the swaying of the tree in the
wind. The dead weight and swaying of trees has been shown
t¢ cause considerable compaction (Graecen and Sands,
1980), The greater concern in forest soils, however, is the
compaction caused by the heavy wehicles used in forest
operations, and the hauling oul of the felled trees (Graecen
and Sands, 1980).

COoMPACTING FOR ROADS, SEED-SOIL CoNTACT, ETC.
Sometimes, it is desirable to compact soil — for example,
to make a roadway, a dam base, or to provide better seed-soil
contact in the seedbed. The considerations discussed pre-
vipusly indicate that to compact sodl effectively, it should be
moist, but not too wet (or smearing will result with no
compaction). Repeated loadings enhance compaction. Com-
paction for road bases and other purposes has been extensive-
Iy studied in civil engineering, and most text books describe
the classic compaction curve shown in figure 4 (Lambe and
Whitman, 1969), which results from repeated loading of test
specimens at a range of moisture contents, When the soil is
dry, little compaction results from vehicle traffic. When it is
very wet, the soil is saturated and again little compaction
results. The maximum compaction occurs at an intermediate
moisture content, referred to as the optimum moisture
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Figure 4. Sehematic compaction curve, shewing the mazimum compac-

tion at the optimum moktre content.

content, Those alming to enhance compaction should aim for

this moisture content.

As shown above, repeated loadings lead to groster
compaction, When it 13 desired to compact sail, therefors,
repeated loadings are advaniageous and compaction equip-
ment often vibrates the sofl {Tran and Murao, 2004 ).

UnpoinG IT (FIXES)

Omnce soil has became compacted, several methods may be
employed 1o reduce or eliminate the compacted soil condi-
tion, Processes for reducing the effects of soil compaction
vary from those requiring minimal input (natural compaction
alleviation) to those that require maximum input (subsoil-
ing). Use of o conservation tllage system that may include
companents of natural compaction alleviation and subﬁm!-m_g
may also be helpful in reducing the negative effects of soil
compaction.

MNATURAL COMPACTION ALLEVIATION

Soils that are properly managed may return 10 a more
productive condition with reduced effects of soil compac-
tion, which is gradually dissipated over several years. Two
processes that may contribute to this condition are freeze-
thaw and shrink-swell cycles. It has been hypothesized that
soils that are found in climates with deep freeze-thaw cycles
are not subject 1o extreme sofl compaction. The expansion of
water when it freezes can raise the soil surface by a
significant amount thearetically loosening compacted soil
profiles. Another natural that also could theoretically
have some beneficial effects is the shrink-swell process
found in smectite clay soils. In the United States, these
smectitic soils are mostly found in Vertisols which are present
in Texas and Alabama and Mollisols which are present in the
central United States (Brady, 1974). These clay soils expand
significantly when wet. When dry, large cracks form that may
extend downward into the soil for several meters. The
continual wetting-drying process could perhaps lead to
reduced eflects of soil compaction,

Bulk density is not normally reduced by natural compac-
tion alleviation, including the freeze-thaw process (Voorhees
and Lindstrom, 1984). Heaving due to frost does not have
long-lasting effects; soils tend 1o quickly consolidate and
refurn to almost the same initial bulk density (Kay et al.,
1985). Soil that is compacted by heavy loads seems
especially ignorant of the freeze-thaw process as soil
compaction is still present after many years of freeze-thaw
cycles which penetrate the soil to depths of 40 w0 70 cm
{Voorhees et al., 1986; Etana and Hakansson, 1994).

Most research points to the gradual improvements in soil
compaction caused by natural processes, but little research
indicates complete eradication of soil compaction. Vehicle
traffic, which penetrates deeply into the soil profile, may
cause semi-permanent soll compaction, which will reduce
crop yields far many years or even permanently.

CoNSERVATION TILLAGE SYSTEMS

In the modern agriculural era, producers have attempted
o create a loose, uniform seedbed for planting. Several
tillage operations were considersd to remove
residue from the soil surface and reduce the size of clods to
optimize the soil-seed contact area. Typically, several passes
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wil1h wiFuIlunll vehicles are necess  Inchoding: il
primary |-I||B,EI:, (2) secondary :i“m??‘j] W[{ﬂ::ﬁ.;u::nj]i::lllq’lﬂ::
RI:GI:_II'Ida.I'}' tillage, (4) planting, (%) repeated spraying o
cultivation operations throughout the Erowing season Ean.j
(6) harvest. As much ns 70% of a field is reportedly trafMeked
by vehicle traffic in & conventional tillage system. Com-
WM'“ the problem is that the first pass of a wheel on loose
soil is responsible for about B5% of the total compaction
{Cnnpcr_ et u!., 1969). Therefore, & producer using a
conventional tillage system could easily traflic 70% of his
field to B5% of the maximum compaction limit. Producers
who have used conventional tillage systems for decades may
have gradually created compocted soil conditions and
reduced yields.

Conservation tillage systems, however, do not rely on a
]uo,luned s0il profile but instead benefit from increased sail
moisture commonly found when the soil is not tilled. A
w?rs’e""!ﬂon tillage system can reduce the need for vehicle PSR & Rascarchere exsmiviug whatar cover erop of .
traffic in the field because there are fewer needs for tillage or i i
cultivation operations. Often the only passes neunu:fﬂfm A.nlnlher positive 'bt:.]'l'ﬂ['llt of cover crops and m':’T"‘":‘.""j"l"J
crop production using conservation tillage systems are “nﬁl%“'ig‘ﬂmg; ”‘I“;g'ﬂ; a;:é;:?r?:ﬁ:; iﬁ;ﬁ;ﬁ; o
(1) planting, (2) spraying if nece , (3) harvesting, and L 5 X
{4) cover crop estahlishf'rmm. ﬁsﬁpliﬂ'glunilins rugr soil Was found for plots that Included 2 cﬂﬂ -.;n;p ﬂjcf?ﬁ]f:.';d
compaction are reduced as less intensive vehicle trafficking  '? bare plots in lhe soll W-Iwef( ml L bE
is required. multiple machine passes. Soil compaction appeared 1o

Increased soil compaction is often reported when produc-  "educed by the root mass of the cover crop with little benefit
ers switch to a conservation tillage system (Potter and 3¢cN from the aboveground biomass. d the shility to
Chichester, 1993). However, increased soil compaction ?’“,a“u of increased bulk density an ; iy
found in conservaion tillage systems may only be temporary, ™aintain traffic in the same losatice 88 P ONS JESS
may not adversely affect crop yields, and may have increased cumwuf:un;tllagﬂ ml;ﬂﬁr wﬂ-: t%:_‘m caused by
infiltration and reduced runof. Conservation tillage systemg  SOMpactive lorces Loy "r'd !Ea e et 0l
often have more macropores due to increased biological \rchu:‘:lﬁ: iraffic will bc DaMTRAmEL Wi t::lstl-ﬂ 5|:IIE|
activity and promote higher rates of infiltration and increased  Medium beneath the tires and will not compact

ter availability. These macropares allow increased in- soil material immediately beneath the crop row.
filtration and in fact allow higher overall productivity due to
increased soil moisture storage even though they have Skl AUt fmu AL
somewhat higher soil bulk density, Macropores, found in B 3
conservation tillage and no-till systems, would also contrib- o = :
uie to reduced runoil and sediment losses (Mostaghimi et al.,
1988}

Increased soil organic matter, commonly present in E
conservation tillage systems, may lead to reduced effects of s .

soil compaction (Thomas et al., 1996). Increased organic
matter may also lead 1o an increasad amount of water in the
soil profile that is available for crop use during the growing -
season (Hudson, 1994).

Winter cover crops are often used in conservation tillage
systems and are particularly effective in increasing the
amount of organic matter near the soil surface (fig. 5). The
use of cover crops has also contributed to reduced effects of
soil compaction, mostly by contributing to increased water
infiltration and storage (Raper et al,, 2000a, 2000b). In these
studies, reduced soil strength (fig. 6) and higher soil moistre  E
contributed towards higher crop yields, Improvements in soil E

DASTAMCE FROM ROW (m)

=05 04 -03 =02 <01 00 01 02 03 04 05
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structure and soil moisture have been attributed to cereal
grain [rye (Secale cereale L.), wheat (Triticum aestivim L),
etc.] and legume [crimson clover (Trifolium incarnatum L.),
hairy vetch (Mcla villasa Roth), etc.] cover crops (Reeves,

lﬂﬂdl'if‘rammp;hawﬁmdwﬂmlnmm 08

mainly due to increased biomass production generated by the without

gy itsel'and also by increasing yield of the following “nn":-'m" P g el i o d e
{MPa)




SURSOILING

When s0il compaction has already occurred and must be
reduced to allow proper root growth, tillage may be necessary
to eradicate and manage severely compacted soils, Tillag;:
below depths of 35 cm is referred to as subsoiling (ASAE
Standards, 1999). Tillage conducted by a narrow tillage tol
l”ﬁ"“"'—"l shaEI.nw:r than this depth is typically referred 10 as
chisel plowing. Although tillage has been performed for
several thousand years to loosen the soil surface, subsoiling
is @ relatively new operation having only been performed
since vehicles have excessively compacted the soil with their
large mass and frequent traffic, Prior to the 20th century, the
ability 1o till deeper than just a few inches was not possible
due to a lack of tractive force, nor was it usually necessary
because compaction at these depths was largely caused by
repeated traffic of the same large vehicles. In addition,
nuturally dense subsoils (e.g. fragipans) require such treat-
ment. Currently, subsoiling is practiced on a routine basis
throughout the world, Many soils respond positively to
subsoiling, with yield improvements normally being found.
Tillage tools used for subsoiling vary widely and result in
differences in residue remaining on the soil surface, draft
force requirements, and belowground soil disruption. How-
gver, subsoiling is an expensive operation, which must he
done comrectly for greatest benefit.

Determining when a soil requires subsoiling requires
some measurement of soil compaction. Cone index is the
mast accepted measure of soil compaction and has been used
to determine when roots are restricted and can no longer
expand into soil. This term is defined as the foree required to
insert a standard 30° cone into the soil (ASAE Stamdards,
2004a, 2004b). When values of cone index approach 1.5 to
7 MPa, root growth becomes limited and plants can start
suffering the ill effects of zoil compaction (Taylor and
Gardner, 1963). After subsoiling, however, cone index values
as low as 0.5 MPa are commonly found down to the depth of
tillage (fig. )

It is also important to note that subsoiling should be done
at the comrect moisture content, or it may do more harm than
pood. A wet soil will be smeared, creating 2 plowpan. As
noted previously, the plastic limit gives an indication of the
ideal state for tilling soil (Dexter, 1988).

The most obvious benefit of subsoiling is to disrupt deep
compacted subsoil layers. If soil compaction is excessive in
these layers, roots cannot penetrate and are restricted to

shallow depihs. During times of drought, plants grown in a
compacted soil are immediately susceptible as their roots are
confined 1o shallow zones, which do not contain adequate
soil moisture. Subsoiling soils with excessive soil compac-
tion provides loosened soil for root growth. The depth of root
growth is increased and the plants are better able to withstand
periods of drought.

Coupled with the increased root growth is the improved
infiltration that usually accompanies subsoiling. Rainfall that
previously exceeded infiltration capacity can be stored in the
subsoil. The loosened soil provides pathways into the soil for
rainfall to move quickly, instead of ponding on the soil
surface and eventually evaporating or running off. Larger

amounts of soil moisture may then be available to the plant

during the growing season when moisture may be limited.
Increased numbers of macropores are often found after

subsoiling which contributes 1o increased infiltration (Xu and
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disappear as the soil reconsolidates, many will stay open and
provide increased storage of water and oxygen for plant rools.
However, it is important that subsequent vehicle traffic be
minimized to achieve long lasting effects of subsoiling. Some
research has reported that benefits of subsoiling are lost by
the second pass of a vehicle tire. This could mean that
subsoiling might not benefit & crop if traffic from a primary
tillage operation and a planting operation were allowed to
stray too close to the subsoiled channels. Maintaining the
loosened soil profile and the increased storage capacity for
water could be extremely valuable to plant roots during
temporary summer droughts.

Ultimately, crop yields often improve from subsoiling,
although the amount of improvement is difficult to determine
as 50il type, soil condition, plant species, and climate all have
a large effect (figs. 8 and 9). Many soils have shown benefits
of belng subsoiled, however, their amount of relative benefit
may be offset by the expense of performing the operation,
Some coarse-textured solls (sandy to loamy), which may
compact easily and require minimum tillage forces for
subsoiling, show significant yield improvements when
subsoiled (Gameda et al,, 1994b; Smith, 1995; Sojka et al,,
1997).

In some soils where severe compaction is not a problem,
subsoiling should not be expected to result in increased crop
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Figure & Cotten plants grwing in soll that was not subsolled compured

1 mearhy mws that beneflied from subsolllng operation,

Figure 5. Grain sorghum growing in middle twe rows that was not sub-
andiled as compared i outslde rows that were subsolled.

yields. Several studies in Mollisols in Midwestem soils have
not shown yield increases although soil compaction was
temporarily reduced (Gaultney et al., 1982; Evans et al,
199). Subsoiling may not also result in increased crop yields
when irfigation is available (Coates, 1997; Aase et al., 2001;
Camp and Sadler, 2002). Increased pore space and rooting Is
not necessary when water is plentiful,

Even though it is possible to subsoil 2 field to remove
compaction, care should be exercised before this potentially
expensive operation is performed. Once soil is loosened by
subsoiling it will easily recompact if traffic is applied in the
same area, Research indicates that two passes of a tractar in
the subsoiled area will cause the soil to retum 1o its previous
stafe prior to subsoiling (Blackwell et al., 1989). If traffic is

controlled, however, the benefits of subsoiling can be

long-lasting and beneficial for following crops. The overall

management of the system should be examined to determine

if the soil compaction that is being alleviated by subsoiling
is matural or if it is raffic-induced. If it is natural, then
subsoiling may have to be performed on an annual basis to
give plants the maximum benefit of the opeération. However,
if a portion of the compaction is machine-induced, adoption
of controlled traffic or & cover crop may enable the subsoiling
operation to be performed less frequently,

AvoIDING IT (MANAGEMENT)

Prevention of soil compaction may offer the best alterna-
tive for reducing its’ detrimental effects. Reducing the loads
applied to the soil or spreading the loads out over the soil
surface may decrease the depth and degree of soil compac-

tion and may allow the soil to simultancously provide an
effective crop growth zone and wvehicle support zone.
Hewever, another approach may be to completely separate
the |.“'l" zones and adopt a controlled trafTic system that
restricts vehicle traffic to certain arcas of the field.

DECREASED AXLE LoaAD
As stated previously, soil compaction near the soil surface

is mostly determined by the specific pressure applied by
veehicle loads ot the surface while the more damaging soil
compaction thai occurs deeper in the soll profile is mostly
controlled by the amount of load (Sochne, 1958). The term
‘axle load' was created to define the amount of mass that was
applied to the soil for each axle beneath a wehicle.
Experiments conducted to evaluste the effect of unequal axle
loads determined that soil pressures as deep as 50 cm
increased with increased axle load (Taylor et al., 1980), Other
pxperimental studies have found that increased axle load at
consiant inflation pressure increased soil stresses, soil bulk
density at shallow depths, and bulk density st depths neas the
hardpan (Beiley et al., 1995). Similarly, computer models
determined that axle load was also the prime factor in deep
soil compaction (Kirby et al., 1%97b). These studics point 1o
the need to reduce vehicle mass a5 a primary method n_l'
reducing the ability of a vehicle 10 cause deep _5u|::-s¢nl
compaction. As opposed to surface compaction, which can
mostly be eliminated with surface tillage or management
system, subsoil compaction is longer lasting and may be
permanent, -

Many field experiments have been conducted worldwide
to determine the effect on soil conditions and plant growih of
completely covering the soil surface with different axle
loads. Most research has determined that axle loads of greater
than 10 Mg penetrate the subsoil and result in increased cone
index or bulk density measurements (Voorhees et al., 1986;
Alskukku end Elonen, 1994; Hammel, 1994; Lowery and
Schuler, 1994), Additionally, this rescarch has also deter-
mined similar reductions in crop yields from axle loads of
greater than 10 Mg, which may persist for several years
{Alblas et al.,, 1994; Gameda et al., 1994a).

Hakansson and Reeder (1994) reviewed the results of
numerous experiments carried out on several continents to
examine the effects of increased axle load on subsoil

compaction and came to the conclusion, “when driving a
vehicle on moist, arable soil, measurable compaction may be
expected to a depth of at least 30 em at an axle load of 4 Mg,
40 cm at 6 Mg, 50 cm at 10 Mg, and 60 cm or deeper at an
axle load of 15 Mg or higher.” They also stated that subsoil
compaction deeper than 40 cm may be considered permanent
even in clay soils with significant freeze-thaw cycles. Using
these authors® conclusions, it seems reasonable to restrict
axle loads to less than 6 Mg on moist, arable soil as a method
of reducing subsoil compaction and keep the resulting
compaction in the topsoil region where it can be managed.
From the approximate axle loads given in table 1, it may be
impossible to limit compaction to near the soil surface when
this soil condition is encountered.

SPREAD THE LoAD

Spreading the load out on the soil surface has been an
effective method of reducing soil compaction, particularly in
the topsoil nearest the soil surface. Increasing the number of
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Table 1. Approximate axle lands for agricultura] e,

Equipment Axle Losd
J
A0=kW 2—wheel drive tracior Shek)
150=k% 2=wheel drive tractar :
240—kW d-wheel drive tmetar 4
&-row combine (empty ) a2
12-row combine (full) e
Fulll single—mile 21 -m? prain can ;;
Fulll double dual—axle 38 000-L manure tanker 32 (rear duals)
12 (from dusls)

xles under trailers has been o . i
mtm:_lut:q axle load on the soil wrﬁguua:r l:}t:lnsh:dsﬂ:h:::
soil-tire interface pressure. However, increased number of
axles also means repeated loadings, which can also contrib-
ute to increased soil compaction, Increasing tire size may be
mare favorable 85 a method of reducing bulk density and
cone index than increasing the number of axles (Bedard et al,
1997). However, increased tire size may also increase tire
stiffness due 1o increased number of plys and result in
mcrr.usgd soil compaction (Koger et al,, 1984), If the erop
production system can allow tires with increased width
without compacting nearby rows, increased tire width can
mduot_mmng,. cone index, and bulk density dug to the ability
of the tire to spread the load out on the soil surface (Murcsky
and Hassan, 1991; Chi and Tessier, 1994),

Dual tires have also been used as a method of spreading
the load while maintaining constant axle loads, which may be
important for tractive vehicles such as tractors, Taylor et al,
(1986, 1989) compared the pressures measured under dual
tires to those measured under single tires (fig. 10). The figure
shows that dual tires reduced the pressures by about S0
throughout the soil profile to a depth of 50 cm. One negative
aspect of using duals, however, is that the soil compaction
near the surface is increased in the area under the second tire,
Dual tires essentially traffic twice the width of the vehicle
irack and, depending upon the crop and cropping system,
may cause excessive surface compaction.

Rubber tracks have bezn wi::u:ly reported to Tr:dm soil
pressures as compared to the soil pressures measured beneath
tires. Caterpillar (Peoria, [11.) first introduced rubber tracks in
the late 1980s as & method of reducing soll compaction and
increasing tractive efficiency of their vehicles, Steel-tracked
vehicles have been to have higher tractive efficiency
than either two-wheel drive or four-wheel drive tractors

(Domier et al, 1971; Osborne, 1971) but their use in
agriculture has been met with resistance from producers due
to the problems associated with speed, vibration, and moving
them from field to field. Increased soll pressures and bulk
density have also been found for tires as compared 1o steel
and rubber tracks (Taylor and Burt, 1975). However, similar
s0il pressures have been measured under rubber-tracked and
tired vehicles with similar mass in fleld research (Kirby and
Zoz, 1997; Tumer et al., 1997). Even though the average
ground exerted by the tracked vehicle was smaller

pressure

due to ils increased footprint, the data indicated that rollers,
which were similar in magnitude to those measured under
tires, exerted substantial peak pressures. Kirby and Zoz
(1997) found that stresses measured near the soil surface were
similar for both tires and rubber tracks, but at a depth of 35
1o 45 cm, the stresses beneath tires were greater than those
measured beneath rubber tracks, Dual tires have been found

-
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Figure 10. Sl pressures measured beneath singhe and duoal tires (Taylor
et al, 1986)

to cause either reduced or increased soil compaction than
tracks depending on the Inflation pressure maintained in the
tires (fig. 11; Abu-Hamdeh et al., 1997).

Radial tires are another innovation that has proven to
reduce soil compaction and traction. Prior to the early 1960s,
bias-play tires were the only option for tractors. The
introduction of radial tires offered a realistic alternative that
increased the ground contact area thus increasing traction and
reducing soil compaction (Thaden, 1962). Initial claims of
radial tractor tires incluoded improvements in traction of up to
20%0 that were proven in controlled soil bin tests (Forrest
et al., 1962). Radial tires are even more advantageous as soil
firmness improves as is typically found with conservation
tillage systems (Taylor et al., 1976)

Maintaining proper tire inflation pressure is imperative
when using radial tires, As illustrated in figure 11, the use of
correct inflation pressure in radial tires can reduce the soil
compaction caused by heavy agricultural vehicles. In soil bin
tests on Morfolk sandy loam scils and Decatwr clay loam
soils, Raper et al. (1995a, 1995h) found that when inflation
pressures are properly set on radial tractor tires, extreme
soil-tire interface pressures are kept near the outer edges of
the tire and are reduced from those measured under
excessively inflated tires operating under similar loads
(fig. 12). Reduced cone index and bulk density measure-
menis (Bailey et al,, 1996) were also found in the center of
the wheel track when the radial tractor tire was properly
inflated.

Another method of spreading the load over the soil surface
may involve using another material between the tire/track
and the soil as a bufTer, In forestry applications, the presence
of tree harvesting residue (slash) may reduce the ability of
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Figure 11. Dry bulk density measured for excessively inflated dual thres

{D-over), Caterpillar 65 (C65), Caterpillar 75 (C75), corvectly inflated
dusl tires {D-correct), and untrafMicked soll (Abu-Hamdeh et al, 1997},

=oil pressures to penetrate the soil, particularly from repeated
passes of wheel traffic (Seixas et al., 1995).

Inflation Pressure = 41| kPa
0.786 - T

LENGTH, m

o1z oz o FRONT

WIDTH, m

CONTROLLED TRAFFIC

S:rlarnhn{; the areas used for root growth and the areas
used [“'_\'Bhwlc traffic is a very useful form of limiting scil
compaction. A controlled traffic system was defined by
Taylor (1983) as a crop production system in which the crop
zone and the traffic lanes are distinctly and permanently
StPﬁrMcd_ The wraffic lanes are compacted and are able to
?"':h"[ﬂ"d additional traflic without deforming or compact-
ing. Tires and tracks on compacted traffic lanes are also able
to increase tractive efficiency and have higher Motation. The
erop production zones between lanes are only used for plant
growth and are not compacted by wehicle traffic. Soil
compaction in the crop growth zone is virtually eliminated
except for naturally eccurring conditions and those caused by
tillage implements, i

Development of a controlled traflic system using existing
tractors was partially successiul and showed increased crop
yields and a reduced need for deep tillage (Williford, 1980
Similar research using existing tractors indicated that the
effect of subsoiling was found to be longer-lasting in o
controlled traffic system (Colwick et al., 1981). Marrison
(1985) discussed several options for using normal Lractors
and harvesting equipment. He found that the most likely
wheel spacings would be 1.5, 2.3, or 3.0 m, but dual wheels
{common on some tractors) would have to 'n:_ eliminated and
replaced by tandem wheels. The 3.0-m spacing seems to be
the most likely wheel spacing that most growers -:vhn use
controlled traffic are adopting. Harvesters can be easily set 1o
this wheel spacing as can most wactors with the use of
additional spacers. ; s

Developing a controlled traffic system using h—a.dnuurlml
tractors and harvesters begins with ensuring that all equip-
memt covers the same width, or multiples of that width

Inflation Pressure = 124 kPa
REAR

T P

025
WIDTH, m

012

inflated (41 kPa) and on the right Is excessively inflated (124



{Reeder and Smith, 2000), [t i mn

sually best ¢ ;
rvester and then match ¢, 0 start with g,
mdms (or multiples of thay oS Of rows with simily AN Historicay, No o
sprayers, etc._Additionally, an et " i1 Plonters, drily, A PARTIAL Answgn > 2UESTION, AND
i R ' elTon ’ 4
minimize the number of traff; Imusﬂpmﬂ;ﬂuld_ be made 1o What we haye described in this 3 _
and ensure that all vehig)es use the lﬂﬁhli:lh::l:;-',-;rc feld s detail on myep ol this article, while relying for

Specialized EANtry-ty pe

~ : .
general outline (o L research, has been known in

machines hy F 2 long year. Indeed j
constructed and y Ve also been been published in |; ; ' » much of it has
crop growth ranZﬁdutsu :I!'ﬂ:ad the loads over much u.-idi:ll FinneI:. a.ll-:j'l??ﬂ.:grll-:“:::m? aun:m-;: 4 fhmers. Thus, Davies,
tractors. Gebhardt et ) “g?zpf;:dveltzp:dm al agricultura]  farmers {Davies et g Ig?];}-l 972 in & handbook aimed at

. g i Fan E L] Enel ! H =

which spanned 3:3 m for controlled traffic mimlg I::E]:':”" tﬁ_ei!rt:amn:g ractor and implement weight and i
larger gantry unit with 8 fm wheel spacing (fia. T cton I.=.|:|:| Structure and crop growth has caused
created at the USDA-ARS National Soi por - &, 13) Was  concem over most of the years of this century, The arrival
ry in Avbum, Alsbans s il Dynamics Laborato. of rubber tires increased concern since ballasting of a
controlled traffic research Ruducedn ?I'-d Burt, 1989) for basically heavy wractor became necessary 1o EEt fraction.
bulk denslty have found with :‘: '-l:! Df[’l‘-?ﬂﬂ_: index and The problem of soil smearing by a slipping rubber tire was
Coastal Plain snilbms bk € use of this ganiry in recognized.

response varied depending upon year and rainfall
al., 1992 Rarpgr et al., 1994; Torbert and Rt:viiﬂ:]‘:;i?
Another potential benefit of the controlled traffic system is

the elimination of a requirement for |
tractors for subsoiling, due to the im e ke

ed soil
_ Another benefit of a controlled Ernngin wnﬁﬁf&:;
m_1pmm51 traction on soil compacted to create raffic lanes.
Rigid soil provides enhanced traction charecteristics, which
could allow the vehicle to generate more traction and
therefore more drawbar power than it would on loose soil

(ASAE Standards, 2003). Smaller tractors could be used to
perform similar tasks due to their improved traction charac-
teristics.

As automatic steering systems, which use satellite
technology to accurately control agricultural equipment,
become widely available, the use of controlled traffic will
undoubtedly become much more widely used, These systems
currently have the capability of placing vehicle traffic in the
same field location with 2 to 3 em precision and are now
gaining wide acceptance in Australian and American agricul-
ture. Specially constructed and raised traffic paths will not be
necessary as tires and tracks will automatically retum to
their same location and traffic the same previously com-
pacted soil.

Figure 13. Wide-frame tractive vehlele wied for controlled traffle re-
search af ibe USDA-ARS National
Alabama,

Saoll yaamics Laborutory in Auburn,

com, cotion, and soybean yield

Adverse eifects of traflic were noted long befare the
advent of tractors. Jethro Tull in the 18% century nated
that people who overworked soil in a moist state made it
like *a highway," through frequent treading by horses. By
the end of the 19th century, subsoil tines atiached to
ploughs were used 1o break pans caused by horses and
plough soles in the furrow bottom, The effect on erop
yields of traffic at ordinary levels is difficult 1o show
experimentally, although there are many well-docu-
mented case studies of severe effects of rwraffic on
commercial farm crops where, possibly hecause of a
difficult season or mismanagement, structure has been
damaged,

The effect of traffic on the s0il has been shown to be
increased bulk density, increased shear strength, reduced
porosity and reduced air and water permeability.”

This introduction makes clear that the broad effects have

been known since at least the 18% Century, and have moved
beyond research literature into the domain of practical farmer
advice. Indeed, there are hints of soil management and the
importance of the cormect soil moisture content at sowing in
FitzHerbert's “Boke of Hushandry™ in 1523, and also in the
Roman descriptions of agriculture (Colemmla, in De Re
Rustica Book II article 4, for example writes “Let us, then,
above all, follow a middle course in ploughing our lands, that
they may neither be entirely wanting in dampress nor
immoderately wet; for too much moistre, as [ have said,
makes them sticky and muddy, while those that are parched
with drought cannot be properly loosened” in hitp:/ipene-
lope.uchicago.edwThayer/E/Roman/T exts/Columella/
de_Re Rustica/2* html), Hall (1909) noted that in spring
cultivation after the wet winter, “The drying of the surface
soil ... is of the greatest possible importance in obtaining a
tilth.” Tillage and compaction, of course, are not the same,
but we have pointed out the similarity of the soil moisture
considerations and that wet soil smeared by plowing is
probably also compacted by the horse or oxen pulling the
plough. As reviewed by Soane and van Ouwerkerk (1994b),
compaction concerns have accompanied the growth in use
and size of tractors ever since the introduction of steam
engines, and particularly throughout the 20 Century with
the rise of modern tractors,

The rest of the Davis, Finney, and Eagle's book provides
greater detail, including the problems of random traffic, and
offers much practical advice on compaction management
{and other soil management). Other literature aimed at
farmers also carries excellent summaries of compaction
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sodge, Bnd practical advice for fr *
P oa K in Australia; many A °I5 10 follow (eg,,
593:;? ¥ ARS web sites in the United

‘As we pointed out in the in

jserature oA Tesearch into Cmmé:?rﬂmar :xlmsl'w:
present day. By and large, this literature -u:nﬁms s
demdl to Davies et al. (1972) ang the ﬂlh!d‘: s e
literature, but does not add profound new ing hi TR

Given this history of knowledge, the eme]]ien;

!,}-_Da.vm_s etal. (1972) and those in other extension ﬁlt:nm

it is pertinent to ask: why is research into cu:m-u:mu;tI-:mmw'elr
hmlg_:ml:lucled = what are the important new issy ; “!ll
requiring answers? Briefly, we think that thers are vu i
reasons for continuing interest in com Sy

paction
» Farmers can’t always follow the obvious mrnefx:ﬁth ad-

vice {_sumetimr:s the erop must be sown harvested i
spective of the state of the soil, uﬁrcmpu:;ﬂ"?;
sometimes less important than equipment productivity),
van den Akker et al. (2003) lament the fact that the advice
abm:&ms;nluun is well known and yet unheeded They
conclude compaction i g
solutions are still nm. e e Db v

* Compaction can usually be counteracted with other man-
agement (irrigation, fertilization, plowing) (Hamza and
Anderson, 2005), and there remains a need to specify the
best overall management systems particularly in relation
to bed farming/permanent lanes.

= Mew equipment, tires, efc., require confirmation of the
l:!m conditions of use including the impact on compac-
tion.,

* Reduced tillage systems may not offer opportunities for
routine compaction disruption as wes once commaonly
conducted with moldboard plowing or full-widih subsoil-

= Compaction {and tillage) does not always lead to the sim-
ple, measurable effects. Hydraulic conductivity shows
considerable variability and changes, while measurable,
may not be significant (Boizard et al, 2000). Although
conductivity may be reduced by compaction, the impact
mﬂmmmwmmvﬁnmwmﬁm
potentials driving flow, soil layering, et
E:m due to mpﬁcﬁi‘l may be difficult 1o measure
(Harton et al., 1994 i
« Compaction may m%always be important and the signifi-
cance is sometimes disputed [Schafer-Landefeld et al.
(2004); discussed by Ehlers et al. (2005), who disputed
their interpretation on the grounds that, amongst ather
things, they hadn’t properly accounted for the influence of
moisture content; and the reply by Koch et al. (2005), re-
futing this], so there may remain a need to identify the
range of actual conditions in which compaction is impor-
tant.
In scheduling operations in large areas — in forestry or
pipeline laying, for example — mapping ol compaction
likelihood by season will be important, so that operations
may be confined to less susceptible soils during wet peri-
ods. Jones et al. (2003 ) developed a preliminary map of the
susceptibility of European soils to compaction, aimed at
assisting in the planning of field operations. We agree with
van den Akker et al. (2003) that this is an area for new
wiork,
+ Although there have been some economic appraisals of
the cost of compaction [eg., the three papers in the section

b =

0n economics of ¢ i
oM paction |
(1994a)), few ﬂudiupilnclzgén Sodne and van Ouwerkerk

6 . . IS Economics. A full
fhia lm’-‘ﬂmmlc dmslc-n.-mnk:ng in farming wo I-;mdy x
portance of sompact rming would reveal
and perhaps lead 1 Paction relative to other factors
e better targeted advice, One of us (M)
00 farm thag o mﬂ* manager of a large, commercial cot-
el ove 1o permanent beds (which had the
B e ﬂna‘}h P':]Du I{rI' reducing compaction in the beds)
i & basis of an ecanomic appraisal which re.
R A Seatil uel saving in o bed system would increase
PAOiilY more then any other factor, We therefore
agree with Soane and van Ouwerkerk's (1994%) call for
greater efforts on whole farm economics,
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