S0 MPACTION: How 1o Do It, Unpo IT.
SoiL Con Tl H Do I, Unpo 11
OrR Avoin Doma I

Randy L. Raper

Agricultural Engl

er and Ler

1 Scientist

USDA-ARS, Aubum, Alabama

J, Mae Kirby

Principal Research Scient

CSIRO Land and Witer,

ABSTRACT, Serll campaciion redlices roating, pfitiration, waler Slorage

i been siuged Intensively for mone (han a cenfury, and yef wie
FFRGnCOn atnd (e el
trafficking weak soll, excessive Joads, and soils that are somew
ot mmechodls of alleviating soil compaction, which vary from g
{mmedite J'rJ:;nr.'Jl.'."rrJr.'.'.l' offered by subsoliing. Addl rl-w.
dhwir soil, Incluaing "u'g.l.'\c'.'.llllL their axde Jodd ml
conraliing their iraffic. Unformnately, few
as velicles are used 1o "u'a.l 1 anel faarvess rr'l,r.l on f

compaction ang an endiess balllie (9 reduce ik i e

al ¥

arererl. fm tiile article, we atfémpt (o}

5t
Canberra, Australin

SMEFGTIOn,

sirgEie "\.""I it
grent the primary
prc..rrm: |.II.||.- Fadl eomp
s |r|—ﬂr.-,|.-¢'.-.-|zr|' wsing fo

Kevwords, Soll compaction, Subsoiling, Sail density, Cone index; Axle load, Controlled traffic.

oll compaction {5 a densifieation and reduction in
porosity, associsted with changes to the soil struc-
ture and (vsually) 2n increase in strength and o re-
duction in hydraulic conductivity (Soane and van

Ouwerkerk, 19%4a)

Soil compaction csusés probiems Ino crop and forest
production worldwide (Soane and ven Cuwerkerk, 15%54h)
nned 1J~u-; has received much abiention in research and
extension, The. compection of soil should be svoided
because;

* jt oreales 8 poor environment for rosis! poor agration, wis
terlogging, and excessive soll strength limiting root
hmw:h {Taylor ond Clardner, 1963; Stepniewski et ol

1994}, & reduced non-limiting water range (Letey, 1985,

MeKenzie and McBratney, 2001); and, sometimes fuilure

of roots to exploit &l the sofl [righr-angled roots (fig: 1),

el ].

= can lead to excessive runoff and erosion (Fieige and Hom,
2000}

Sometimes, however, compaction is desirable, because it
can lead 1o:

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

* improved crop yields during extremely dry years (Roagha-
van et-al, 1979%
o bener rosdways (farm roads, lanes between beds), dam

» reduced deep drainage, for example in fooded rice sys-
tems (Humphreys ef ol, 1992),
The literature ghounds with textbooks (Barnes ct al,, 1971;
MecKyes, |985; Soane and van Ouwerkerk, 1994a) and

conference prw.eedmm- {Arvidsson et al., 2000; Hom et al.,
2000); Compaction articles. appear frequently ia joumals
such as Sall and 11 Tillage Research, Jowrnal of Terramechan-
ey, Tranzactony of ASAE, and Applied Engineering in
Agriculture, Hamza ond Anderson (2005) and Raper (2005}
recently reviewed the litemture.

In this review, we do not attempt 10 review the whole of
the literature. Rother, we pick out the main thresds, and
examine compaction [rom & practical viewpoint — how to do
it, unda it, or avoid doing it. We also examine the need for
further research and offer some suggestions,

Figare 1. Cottos map mok deformed by ssdl compaction at multiple depths,
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DoinG IT (Cavses;

. Sail compacts when it is wo wenk o booe (he stresses
imposed on it - which could mean that the sall is weak, ar fis
the lond cousing the stresses Is excemsive, or both. Excessive
londs muy arise From artificinl (tractors and other vehlcles,
implements) and nutural causes (animals, trees), Weak soll
miy arise when it i4 wet, or loose, o both.

WAk S0

Soil is ideally suited for root grawth when it s fairly moks,
well serated, and |s not too strong to impede root growth, In
this condition, it Is generally, top weak to bear heavier
agriculiunl rafic. It is a matter of common ohservation os
well as research Mndings that a molsy, freshly tlled seedbed
will compact greatly if driven upon (Bota et al,, 2002).

Soil strength varies greatly, being determined moinly by
the moisture contenl and the density, The soil composition
also affects soll strength, primarily through its influence on
501l moisture content and density,

Moisture Content Effect

Sl moisture content 18 generally singled out as the most
important influence on soil #trength and hence on compac-
tion (Hamzs and Anderson, 2005). In Vertisols (essantially
heavy elmys, with & high clay content o all depths from the
surface to 50 cm or mone, and often cracking when dry unless
imgated or cultivated), strength can vary by two ordess of
magnitude over the renge of moisture contents (for a given
density) commonly experienced in agricoltural operations
(fig. 2; Kirby, 1991a) Other soils behave similarly, showing
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Figure L Fr don wirength of 8 moge of vertisols e o function of

liquiddity kndicx. The line bs the best 0t fumctional regreasbon line ot the mesn

wisldl ratho (Kirdy, 1991a), and has o J® of about 0.7, The precompression

strengih equals the seress ot which & vehicle will start 1o compaet the sall
[

it

severe soll compaction when wed, bist resisting vehicle Iﬁﬂ:_l-'.l
quite effectively when dry {Voorhees cf al., 1986; Allen and
Musick, 1997} Al the one extreme, these soils can be SO
enough 1o bear the pressures of agricultural vehicies without
showing signs of their passage, At the ather extrems, there is
intensive compaction and rut farmation. Other soila iy nat
shew the exireme variatlon in srength disptayed by Vertisols,
bt mevertheless, malsture content i the. most important
determinant of strength ln most soils, .
Although wet solls are weaker, very wet solls technically
do ot compaet (Ekwoes and Stone, 1995}, Compaction s
densification through the expulsion of ir, and therefore by
definltlon a saturuted soll cannot compact. In this very weak
stats, however, tires and implements will smear the -soil
intensively (Davies et al, 1972), an action which dnr_uf»'l::
pare contimaity. This leads 1o reduced hydraulic conductivity
and may be more deleterious to root growih thin compaction.

Densify Effect

T Australian Veniisols, soil sirength 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 effect of
varying moisture content, but is nevertheless an important
contrel on soil strength. Again, the soil varies from 2
condition in which it is strong enough to bear traffic to one
in which traffic will greatly compact it.

Figure 2 shows that the plastic limit (sex next page)
corresponds 1o & precompression strength of about 100 }:Fa,
which is approximately the stress impased by many agricul-
tural velicles, As o result, we conclude that at the plastic limit
s0il Is mble 1o bear the stress of many vehicles without
excessive compaction, bul heavier vehicles will compact the
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rathn. The ling is the best it fanctional regression line ot the mcan Hguidiny
iniles (Klrby, 19%1a) , and has an B? of about 0,41, These duta are from
{he same dutaset ns those in fgure L, and the best Bl line b in fect o plane
om & 3D plot. The vohl ratio b definnd aa the volume of volds |o the soll di-
‘vidled by thie volume of solids, mnd 5o b lnversely related to the density: the
tull uit n vald rutlo of 0,6 Is wbout 183 Mg/m?, and a1 s vold ratio
of 1 b aboul 133 Mg/m®, The precompreasion stres bs defined bn terma of
‘vndd rutko (Kirky, 1991h), heace the use of vold ratio rather than density,
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The plastic Hmi s o reddily monsured Index of soll condition, definad as the malstirs content dividing a
Plastic st from o rigid stute, pnd earmespanding to a lquidity index of zero, In the feld, o quick test can be used
£0 judge whether soil is wetter than, ai, or drier than the plastic limit. Work & small ball of soil {hall the size of 8
golf bally in the hnd, and then roll o part ol If into o thread or worm between tweo hands

*  Ifalong, thin thread (about S-cm by 3- to S-mm diameter) is rolled ensily, the sofl is wetter than
the plastic lmit. Compaction will result from traffic by many, perhaps most, vehicles.

Flantle Limit

*  ITthe soil eannot be rolled but smears ensily, then it is much wetter than the plastic limit. Com-
paction will result from traffic by virtually all vehicles.

*  ITthe soil canngt be rolled fnto.n thread, but crimbles or breaks into hard erumbs. it is drier than
the plastic limi, Compaction is unlikely to occur and ks unlikely 1o be severs.

* Il the soll can just be rolled wlthou crumbling, bt Is “on the edge” of erumbling, it is wt about
the plastic limit. Some vehicles will compact the soil, and some lower ground pressure vehicles
will not.

These guidekines are rough, sinee the Held test is a rough one, but they are nevertheless useful. The laboratary
firm of the test is similar but peeformed under mone controlled and exacting conditions, and it is followed by an

accurate determination of the molsture content of the soil.

sail. The plustic limit also corresponds to the Ideal state for
tiling soil (Deiter, 1988),

Soil strength is rarely constant with depih, usually
increasing with increasing depth and sometimes showing a
peak at the plowpan depth (Schafer-Landafeld ot al., 2004},
Thus, soil might be too weak in the surface, and compact
these, while being sufficiently strong to resist compaction at
dapth. When the soil is weak ot depth, compaction can rasull
from vehicle traflic, and it is generally harder (o reverse than
compaction at the surfiace.

Some soils may naturally retum after tillage w0 a
compucied stete that will significantly impede root growth.
Their particle size distribition may place them at risk for
‘natural® so0il compaction as opposed to ‘vehicle-induged
s0il compaction. A well-graded soil with a uniform distriba-
tion of particle sizes over the entire range of diameter classes
(such as well-graded loams) may naturally form & compacted
layer a5 opposed o & poorly~graded soil with several finer
particle sizes present (such as & sand or g 5ilt) which is less’
likely to compact (Gaultney et al,, 1982; Craul, 1994),

Excessive LoADSEXCESSIVE STRESSES

Compaction s determined by thres broad faclors: the
severity at the surface depends on the stress exertad at the
surface; the impact at depth depends on the stress exerted at
depth which is in turn 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
have been measured by many waorkers, both in laboratory soil
bins and in the ficld (Kirby and Zoz, 1997), Stresses at the
tire-soil comtact  range from about 50 kPa (under
tracks and wide or dual tires) to 300 kPa or mare (narrow tires
with heavy vehicles, such as cofton pickers) (Kirby and

Blunden, 1992), .

This stress range is similar 1o the range of strengths with
h soil may bear the siresses. Stresses at the top end of the

range (heavy vehicles on smallinarrow tires exerting pres-
sures of 300 kPa or more) are greater than the soil strength
except when the soll is in the driest condition (within the
runge usual in agriculiure). Stresses at the bottom end of the
range, will enly compact sofl that is wet and weal, but will
not compact soil in an intermediste condition. Mote,
however, that any vehicle will compact seil that is weak
enolgh,

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 strength
threshold and cause compaction.

Impact at Depth

Isolines of stress beneath & tire or track extend into the soil
to & depth that is proportional to the widih of the tire or track.
So, for equal stress at the surface, larger tires or tracks affect
memﬂmapwdupmlhmmﬂlnﬂmmmdulsm,
1958). The stresses at the surface remain equal with
Increasing tire size when the total vehicle mass increasss in
proportion to the tire size. Thus, & larger vehicle mazs will
affect soil to a greater depth than a vehicle of smaller mass
mmmumum-mmmmnm.maﬁﬁ
el al., 2004),

Tractors and other agricultural vehicles have gotten
bigger in recent decades (Soane and van Quwerkerk, 1994a).
Such vehicles cause concemn over subsoll compaction, which
_hhuduumudbu:dulummlhmmmpm&muﬂm
surface (Hakmnsson, 1994).

Repeated Loadings

When the soil is weak enough, or the stresses great enough
for compaction 1o oceur, the impact severity and depth of
hmhmwﬂhnmdm-umn vehicle (Kirhy
et al, 1997a). The first pass of a wheel does the most
: oper et al,, 1969), but the effects of repeated
wheeling con still be measured after several passes (Bakker
and Davis, 1995; Hamza and Anderson, 2003).



Plowpans, Plowpans result from implement action, w
can cause bo:h compaction and mwﬂm. d:]&ehdingl nnhlmc:
state of the soil during plowing. Unless a tine has o perfecely
sharp edge (which, even if it did initlally, would spon wear
and became rounded), the underside of the roundad tip will
exerl large compressive forees on the soil, I the soil is very
wel, it will smear., 1 is wet, but not very wel, it will compact
It s knawn that at about the plastic limit, soil s in its most
frisble staic and thus in the best condition for plewing
(Davies et al, 1972; Dexter, 1988),

Animals. We have concentrated above on compaction by
ngriculteral vehicles, but trending by animals also couses
compaction and smearing (Willntt and Pullar, 1983; Hamza
#nd Andersan, 2005). The siress exerted by animal hooves
can be prest, but since the pross mass of the animals 14 small,
compaction by animals is resiricted to the surfoce soll
(Humza snd Anderson, 2005), Repented treading by animals
around gatewsys and watering paints can lead {0 consider-
able compaction,

Trees, Trees are heavy and exert considerable stress on the
soil; The stress iz increpsad by the swaying of the tree in the
wind. The dead weight and swaying of irees has been shown
0 cause considerable compaction (Groecen and Smnds,
15800, The greater concern in forest soils, however, is the
compaction caused by the hesvy vehicles used in forest
operations, and the hauling out of the felled trees (Graccen
and Sands, 1980,

COMPACTING FOR ROADS, SEED-SOIL CoNTACT, ETC.
Sometimes, it is desimble to compact soil — for example,
fo make 8 roadway, 8 dam base, or to provide batter seed-3oil
contact in the seedbed. The considerations discussad pre-
viously indicate that to compact sodl eectively, it should be
moist, but not too wet (or smearing will result with no
compaction). Repeated loadings enhance compaction. Com-
paction for road beses and other purposes has been extensive-
Iy studied in civil engineering, and most texi books describe
the: classic compaction curve shown in figare 4 {Lambe and
Whitman, 1969), which results from repeated foading of test
specimens at @ range of moisture contents, When the soil 1s
dry, limle compaction resulis from vehicle traffic. When it is
wery, wet, the soil is saturnted and again fittle compaction
resulis. The maximum compaction occurs af an intermediste
moisture content, referred o as the optimum moisture

Dry danuity

content, Those aiming ta enhance compaction should alm for

this moisture content.

As shown above, repeated fosdings lead to grestsr
compaction, When it is desired to compact sall, therefors,
repeated loadings are advaniageons and compaction equip-
ment often vibrates the soll {Tron and Mo, 2004,

UnpomnG IT (Fixes)

Ot sl has become compacted, several methods may be
employed 10 reduce or elimtnnte the compacted soil '-T-l.'ll'llﬂl'
tion, Processes for reducing the effects of soll compuction
vary [rom those requiring minimal input {natural compaction
allevistion) 1o those that require maximum input {subsail-
ing). Use of a conservation tllage system that may include
companents of natural compaction alleviation and subsailing
may also be helpful in reducing the negative effects of soil
compaction,

NATURAL COMPACTION ALLEVIATION

Soils that sre properly mansged may refum 6 4 more
productive condition with reduced effects of soil compac-
tion, which is graduslly dissipated over several years. Two
processes that may, contribuge to this condition are freeze-
thaw and shrink-swell gycles. It has been hypothesized that
sails that are found fn climates with deep freeze-thaw cycles
e nat subject 10 extreme soil compaction. The expansion of
water when it freezes can mise the soil surfsee by a
significant amount theoretically loosening compacted soil
profiles. Another notural 5 that also could theoretically
hitve: some beneficial effects is the shrink-swell process
found in smectite clay soils In the United States, these
smectite soils are mostly found in Vertisols which are present
in Texas and Alsbama and Mollisols which are present in the
central United States (Brady, 1974). These clay soils expand
significantly when weat, When dry, larpe cracks fomm that may
extend  downward into the soil for several meters. The
continual - wetting-drying process could perhaps lead to
reduced eifects of soil compaction,

Bulk density is not nommally reduced by nratural compac-
tion allevintion, including the process (Voorhees
and Lindstrom, 1984}, Heaving due to frost does not have
long-lasting cffects; soils tend 10 quickly consolidate and
refurn 10 almoast the same initial bulk density (Kay ot al,
1985}, Soil thot is compected by heavy loads seems
especially ignorant of the freeze-thaw process os soil
compaction is still present after many years of freeze-thaw
cycles which penetrate the <oil to depths of 40 10 70 em
(Voorhees et al., 1986; Etana and Hakansson, 1994).

Most research points 1o the gradual improvements in soil
compaction caused by natural processes, but linde research
indicates complete erpdication of soil compaction. Vehicle
traffic, which penetrates deeply into the soil profile, may
cause semi-permanent sofl compaction, which will reduce
erop yields for many years or even permancntly.

ConsERVATION TILLAGE SYSTEMS
In the modern agricultural era, producers have attempted
to creale @ loose, uniform seedbed for planting. Severl
luge operutions were considered necessary to remave crop
residue from the soil surface and reduce the size of clods 10

optimize the soil-seed contact urea, Typically, several passes

ASABE Dismivouassien LecTums SExiEs No 30



with B@'i-il:-'l}"u-l'l'l.l vehicles are necess . 3 R
primry tlage, (2) secondary tilage, (3) potand a4t
secondary tillage, {4) planting, (5) repeated spraying or
cultivation opetaliong throughout the Erowing season, and
(6} hm:cs:. As much ps 70% of a fiald is reportedly e Weked
by vehicle raffic in o conventional tillage system, Com-
posning the problem is that the firs pass of 0 wheel of Joose
soil is responsible for sbout B5% of the total compaction
{Cooper et il 1969). Therefore, & producer using a
conventional tillage system could easily traflic 70% of his
field to 85% of the maximum compaction limit, Producers
who have used conventional tillage systems for decades may
have gradually created compaoted soil conditions and
reduced yields.

Conservation tillage systems, however, do not rely on a
Jumlbmed 508l profile but instead benefit from increased soil
moistore commonly lound when the soil 15 not lled. A
conservation tillage syswem can reduce the need for vehicle
traffic in the field becauss there are fewer needs for tilage or
cultivation eperations. Often the only passes necessary for
crap production using conservation tillage systems are
(1) planting, (2) spraying if necessary, (3) harvesting, and
(4] cover crop esisblishment. The opportunities for soil
compaction are reduced as less intansive vehicle trafficking
is required.

Increxsed soil compaction is often reported when produce
ers switch o a conservation fillage system (Pofier and
Chichester, 1993). However, increased soil compaction
found in conservation tillege systems may only be temporary,
may not adversely affect crop yields, and may have increased
infiltration &nd reduced runofl. Conservation tillape systems
often have more macropores due to increased blological
activity and promode kigher rates of infiltration and increased
water availsbility. These macro allow increased in-
filtration and in foct allow higher overall productivity due to
incrensed soil moisture  storage even thoogh they have
somewhat higher soil bulk density, Macropores, found in
conservation tillage and no-till systems, would also contrib-
ule to reduced runofl and sediment fosses (Mostaghimi et al.,
1988).

Increased soil organic matter, commonly present in
conservation Iillage systems, may lead to reduced effects of
soil compaction (Thomas et al., [996). [ncreased organie
matter may also fead to an increased amount of water in the
soil profile that is avallable for crop use during the growing
season (Hudson, 1994).

Winter cover crops are often used in conservation tillage
systems and are particulary 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 soll strength (fig. 6) and higher soil moisture
contributed towards higher crop ylelds. Improvements in soil
structure and soil moisture have been atributed 1o cereal
grain [rye (Secale cereale L.), wheat (Triticum aestivim L.),

eic.] and legume [crimson elover (THfoiium incarnatum L.),

hairy veich (Mecla villosa Roth), etc.] cover crops (Reoves,

1994). These cover craps have increased soll organic matter

mwrmq(awbmmpudmmhym

ﬁmp itselland alsp by increasing yleld of the following
erop.

i
s

Figure & Resenrchers enamining winter enver crop of rye.

Anothar positive benefit of cover crops and increased
orginlc matter is that the soil is better able to suppont vehu.:le
traffic (Ess et al,, 1998). Significantly reduced bulkc density
was found for plots that included a cover crop a8 compared
to bare plots in the soll surface layer (2.5 10 7.5 em) following
multiple machine passes. Soil compaction appeared 10 be
reduced by the root mass of the cover crop with little berelit
seen from the aboveground biomass,

Because of increased bulk density and |he ahility 1o
maintain traffic in the same location as previous years,
conservation tillage sysiams may be able to withstand higher
compactive forces from vehicle traffic. Forces caused by
vehicle traffic. will be contained within the elastic sail
medium beneath the tires and will not compact the loosened
s0il material immediately beneath the crop row.
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SURSOILING

When soil compaction has already ocourred and must be
redw:u! 1o allow proper root growih, tllage may be recessary
to. eradicate and manage severely compacted soils. Tillage
below depths of 35 cm is referred 1o as subsolling (ASAE
Stengards, 1999), 'ﬁ]]aﬂe conducted by a narrow tiilage ool
i”ﬁ'm"i shaflnwnr than thia depth is typically referred 10 as
chisel plowing. Although tillage has been performed for
saveral thousand years to loosen the soil surface, subsoiling
is 0 relatively new operntion having only been performed
since vehicles have excessively compacted the soil with their
large mass and frequent traflic, Prior to the 20¢h century, the
ability to till deeper than just a few inches was not possible
due to 8 Inck of tractive force, nor was it usually necessary
because compaction ut these depths was largely caused by
repeated traffic of the seme farge vehicles. In addition,
naturally dense subscils (e.g. fragipans) require such treal-
ment. Currently, subsoiling is practiced on a routine basis
throughout the world, Many soils respond positively to
subsoiling, with yield improvements nommally being found.
Tillage tools used for subsailing vary widely and result in
differences in residoe remeining on the soll surface, draft
force requirements, and belowground soil disruption. How-
ever, subsoiling is an expensive operation, which must be
done correctly for greatest benefit.

Determining when a soil requires subsoiling requires
some mezsurement of zoil compactlon. Cone index is the
maost accepted measure of soil compeetion and has been used
to determine when roots are restricted and can no longer
expand into soil. This term is defined o3 the foree required lo
insert o standard 30° cone into the soil (ASAE Stamdards,
2004, 2004b), When values of cone index approach 1.5 to
2 MPa, roo: growth becomes limited and plants can stari
suffering the ill effects of soil compaction. (Taylor and
Gardner, 1963). After subsoiling, however, cone index values
as Jow as 0.5 MPa are commonly found down to the depth of
tillage (fig. 7). '

It is also important to note that subsoiling should be done
at the correct moisture content, or it may do more harm than
good. A wet soil will be smeared, creating a‘plu}vpan. 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
compacied subsoil Inyers. If soil compaction 15 excessive in
these layers, rools cannmot penctrate and are restricted to
shallow depths. During times of drought, plants grown in 4
compacted soil are immediately susceptible &5 their roots are
confined to shallow zones, which do net contain adequate
soil moisture, Subsoiling soils with excessive soil compac-

thon provides loosened soil for root growth. The depth of rool
growih is increased and the plants are betier able (o withstand
periods af drought,

Coupled with the incressed root growth is the: improved
infiltration that usuelly accompanies subsoiling. Rainfall that
previously exceeded infiltration capacity can be stored in the
subsoil. The loosened soil provides pathways into the soil for
rainfall 1o move quickly, instead of ponding on the soil
strface 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 to increased infiliration {Xu and

TRAFFICKED

ik MIDDOLE

UNTRAFFICKED
MIDDLE

TRAFFICKED
MIDOLE

UNTRAFFICKED
MIDDLE

n?.[hluphmthdnpmﬁ{]n{h}-hmiqnﬂﬂ-limpud
mmmw.mmhmmmmmmlhﬂh
aperstisn beneath row (Raper et al, 1995}

ROW

disappear as the soil reconsolidates, many will stay open and
provide increased storage of water and oxygen for plant rools.
However, it is imporant that subsequent vehicle traffic be
minimized 1o achieve long lasting effects of subsoiling. Some
research has reported that benefits of subsoiling are lost by
the second pass of & vehicle tire. This could mean that
subsoiling might not benefit & crop if traffic from a primary
tillage operation and & planting operation were allowed to
stray too close to the subsolled 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
a3 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 soils (sandy to lonmy), which may
compact easily and require minimum tillage forces. for
subsoiling, show significant yield improvements when
sibsolled (Gameda et al,, 1994b; Smith, 1995; Sojka et al,,
1997}

In some solls where severe compaction 15 not & problem,

 subsoiling should not be expected to result in increased crop
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Flgure & Cotten plants growkag bn soll ihat
16 BEairhy rows Dhet beselied From luh-nl.II:.J:p:I:Tr:r:"M et g

Figure % Grain sorghum growing in middle twe rows that was not sub-
andled as compared ts ouwislde rows that were subsolisd.

vields, Several studies in Molflisols in Midwestem soils have
not shown yield increases although soil compaction was
iempararily reduced (Gaultmey et al, 1982; Evans et al,
1996). Subspiling may not also result in increased crop yields
when irrigation is availsble (Coates, 1997; Aase et al,, 2001;
Camp and Sadler, 2002). Increased pore space and rooting i
not necessary when water s plentiful,

Even though Tt is possible to subsoil a field to remove
compaction, care should be exercised before this potentinlly
etpensive operation is performed. Once soil is loosened by
subsoiling it will easily recompaet if traffic is applied in the
same area, Research indicates that two passes of & tractar in
the subsoiled ares will cause the soil to retum 10 its previous
stafe prior to subsoiling (Blackwell et al., 1969). IF traffic is

controlled, however, the benefits of subsoiling can be

long-lasting and beneficial for following crops. The overall

management of the sysiem should be examined to determine

il the soil compaction that is being alleviated by subsoiling
is matural or if it is traffic-induced. IT it is notural, then
subsafling may have to be performed on an annual basis to
give plants the maximum benefit of the operation. However,
il a portion of the compaction fs machine-induced, adoption
of controlled traffic or a cover crop may enable the subsailing
operation (o be performed less frequently,

AvOIDING IT (MANAGEMENT)

Prevention of soil compection mey offer the best alterna-
tive for reduging iis” 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 end may allow the sodl to simultancously provide an
eflective crop growth zone and vehicle support zome.
However, another approach may be to completely separate
fhe |.Wl" zones and adopt a controlled traffic svatem that
restricts vehicle trafTig to certain arcas of the field,

DECNEASED AXLE Loan

As siated previowsly, soll compaction near the soil surface
s mostly determined by the specific pressure applied by
veldele londs of the surfoce while the more damaging soil
compaction thal accurs deeper in the soil profile is mostly
controlled by the amount of load (Sochne, 1958). The term
'uxle load' was created to define the amouint of mass that was
applied o the soil for each axle beneath o vehicle.
Experiments conducted to evaluite the effect of unequal axle
[pads determined that soil pressures ms deep as 30 cm
increased with increased axte load (Taylor et al., 1980). Other
experimental stucies have found that increased axle boad of
constant inflation pressure incrensed soil stresses, 2oil Bulk
density at shallow depths, and bulk density a1 depths neas the
hardpan (Bailey et al, 1996). Similarly, computer mexdels
determined that axle load was also the prime factor in desp
soil compection (Kirby et al., 1997b). These studies point to
the need to reduce vehlele mass as a primary method of
reducing the shility of @ vehicle 10 cause deep subsoil
compaction, As opposed to surface compaction, which' can
mostly be eliminated with surface tillage or management
system, subsoll compaction is longer lasting and may be
permanetil, N

Muany fisld experiments have been condocted worldwide
to determine the effect on soil conditions and plant growih of
completely covering the soll surface with different axle
loads. Most research has determined that ade loads of grester
than 10 Mg penetrate the subsoil and result in increased cone
index or bulk density measurements {Voorhees et al, 1986,
Alakikku and Elonen, 1994; Hammel, 1994; Lowery and
Schuler, 1994). Additionally, this rescarch has also deter-
mined similar reductions in crop yields from axle loads of
gremier than 100 Mg, which may persist for several yesrs
(Alblas et al., 1994; Gamedn et al., 1994a).

Hukansson and Resder (1994) reviewed the results of
numerous experiments carried out on several continents lo
exomine the effects of increased axle load on subsoil
compaction and came to the conclusion, “when driving a
vehicle on molst, arable soil, measuwrable compaction may be
expected to o depth of o1 least 30 em at an axle load of 4 Mg,
40 ¢m &t 6 Mg, 50 cm a1 10 Mg, and 60 cm or decper 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 fresze-thaw cycles. Using
these authors' conclusions, it seems reasonable to restrict
axle loads to less than & Mp on moist, arable soll as a method
of reducing subsoil compaction and keep the resulting
compaction in the topsoil reglon where it ¢an be munaged.
From the spproximate mcle loads given in table 1, it may be
impassible to limit compaction 1 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 soll surface. Increasing the number of

e
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axles under tratilers has been offered as o : :
to reduce axle load on the soll surface anﬁttﬁ:uidﬂfm
soil-tire interface pressure, However, increased number ol
axles also means repeated loadings, which can also contrib-
ute fo increased soil compaction. Increasing tire size may be
more favorable as & method of reducing bulk density and
cane index than increasing the number of axles (Bedard et al,

1997). However, increased tire size may also increase tire
stiffiness due 1o increased number of plys and result in
Im&:ld s0il compaction (Koger et al., 1984), If the crop
pu:n-dlmm system can allow tires with increased width
without compacting nearby rows, increased tire width can
mduu_hmmg. cone index, and bulk density dus o the ability
of the tire to spread the load out on the soil surface (Murosky
and Hassan, 1991; Chi and Tessier, 19%4),

Dual tires have also been used 85 o method of spreading
the load while maintaining constant mcdle loads, which may be
important for tractive vehicles such a3 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 ghout 509
throughout the soil profile to a depth of 30 cm. One negative
aspect of using dusls, however, is that the scil compaction
near the surface is increased in the area under the second tire.
Dhual tires -essentially traffic twice the width of the vehicle
track and, depending upon the crop and cropping system,
may ciuse gxcessive surface compaction.

Rubber tracks have been ::gcly reported to decrease soil
pressures as compared 10 the soi messured baneuth
tires. Caterpillar (Peoria, [} first introduced rubber tracks in
the late 19805 as & method of reducing soil 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; Osbome, 1971) but their use in
agriculture has been met with resistance from producers due
1o the problems ussociated 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
ond 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 pressure exerted by the tracked vehicle was smaller
due to ils incressed footprint, the data indicated that rollers,
which were similar in magnitude to those measured under
(1997) found that stresses measured near the soll surfiace were
similar for both tires and rubber tracks, but ot a depth of 35
10 45 cm, the stresses bengath tires were greater than those
measured beneath rubber tracks. Dual tires have been found

C—T
*——=8 DUALS, CiL of TIRE
G—— DUALS, CiL of SYSTEM |

160 —

Sail Pressure (kPa)

o T 1
0 25 50
Dapth (cm)

Figure 10, Szl pressures messured beneath singhe gnd dunl tires (Taylor
et al, 1986)

to cause either reduced or increased soil compaction than
tracks ing 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 1o the early 1960s,
bias-play tires were the only option for mactors. The
introduction of radial tires offered a realistic alternative that
inereased the ground contact area thus ing traction and
reducing soil compaction (Thaden, 1%62). Initial claims of
radial tractor tires included improvements in traction of up to
20®%6 that were proven In controlled soil bin tests (Forrest
f nl., 1962}, Radial tires are even more advantageous as soil
firmness improves as is typically [ound with conservation
tillage systems (Taylor ot al., 1976).

Maintaining proper tire inflation pressure is imperative
when using radial tires. As illustrated in figure 11, the use of
correct inflation ure in radial tires ¢an reduce the soil
compection caused by heavy agricutural vehicles. In soil bin
tesis on Norfolk sandy loem scils and Decatur clay loam
‘soils, Raper et al. (19958, 1995b) found that when inflation
pressures are properly set on madial tractor tires, extreme
goll-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 cons Index and bulk density measure-
ments (Bailey et al,, 1996) were glso found in the center of
E;:xulmwmmmmhmmwh

Another method of spreading the load over the soil surface
may inyolve using another material between the tire/track
and the soil as a buffer. In [orestry applications, the presence
«of tree hervesting residue (slash) may reduce the ability of
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sofl pressures to penetrate the soil, particularly from repeated
passes of wheel traffic (Seixas et al, 1995).

Inflation Pressure = 41 kPa

CONTROLLED TRAFFIC

Stparm:ng the arens used for root growth and the areas
used for vehicle traffic Is o very useful form of limiting soi
4 ; iting soil
-lthpa':[m"' A controlled traflic system was defined by
tylor (1983) as a crop production system in which the crop
::nn-: and the traffic lanes are distinetly and permanently
parated. The traffic lanes are compected and are able to
'!N:I:h51ﬂnnd ndditional trallic without deforming or compact-
g Tires and tracks on compacted traffic lanes are also able
to increase tractive efficiency and have higher Notation. The
crop production zones between lanes are only used for plant
growth and are not compacted by wvehicle traffic. Soil
compaction in tha crop growth zona is virtually eliminated
gxcept for naturally eccurring conditions and those caused by
tllnge implements.

Development of & controlled traffic system using existing
tractors was partially successiul and showed increased crop
wields and & reduced noed for deep tillage (Williford, 19807}
Similar research using existing tractors indicated that the
effect of subsoiling was found to be longer-lasting in o
controtled traffic system (Colwick et al, 19813, Marrizon
{1985) discussed several options for using normal ractors
and harvesting equipment. He found that the most likely
wheel spacings would be 1.5, 2.3, or 3.0 m, but dual wheels
{comman on some tractors) would have to be eliminated and
replaced by tandem wheels. The 3.0-m spacing seems to be
the most likely wheel spacing that most growers who use
controlled traffic are adopting. Harvesters can be easily set 1o
this wheel spacing as can most tractors with the use of
additional spacers. -

Developing & controlled traffic system using traditional
tractors and harvesiers begins with ensuring that all equip-
ment covers the same width, or multiples of that width

Inflation Pressure = 124 kPa
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parvester and tfhj:n match the “ms:gllr}';mtu ¥
widths (or multiples of (g width) w'thmw! e
spravers, ete. Additional il

minimize the number of trafF;. lanes p

. les use the extablish
¥Pe  machines
sprend the loady

crop growth zones as compared 0 nomg) agriguliural

tractors, Gebhardt et al. (10
which spanned 3.3 m for conniry S10PSd 8 gantry machine

reontrolled t resear
larger gantry unit with g G-m wﬁu?jﬂu Pt

ed Innes.
have  alsg been

e uscdul‘thibstgunhy in
. 2 my and soybean vield
:‘;fp'i'“?;ﬂz}’g"d depending upon year and rainfal) {Rﬂc\rj;s el

s + Kaper et al, 1994; Torbers and Reoves, 1905
Another potential benefit of the controlled ll‘ﬂl.'l'lte:}:rst:m IJs
the elimination of a requirement for large horsepower
tractors for subsolling, due to the improved soil structare

Another benefit of a controlled traffic system includes
in}pmvad traction on soil compacted to create raffic lanes
Rigid soil provides enhanced traction characteristics, which
could allow the vehicle 1o Benerate more imction gnd
therefore more drawbar power than it would on loose soil
(ASAE Sn:.-n@mﬁ. 2003}, Smaller tractors could be wsed to
perform similar tasks due to their improved traction charac-
Leristics.

A5 automatic steering systems, which use satellite
technology 0 asccurately control agricultural equipment,
become widely available, the use of comrollad traffic will
undoubtedly become much mors widely used, These systems
currently haove the capability of placing vehicle traffic in the
same field location with 2 to 3 em precision and are now
gaining wide aoceplance in Australian and American agricul-
ture. Specially constructed and raised traffic paths will not be
necessary 85 tires and tracks will sutomatically retum to
their same location and traffic the same previously com-
pacted soil.

Over much wider
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article, while relving for
genernl outline for

modern research, has been known in

mony 8 long vear. Indesd, much of jt has

?f::eﬂuhllizhl.;g irll literature aimed ot farmers. Thus, Davies,
£ And Eagle wrote in 1972 |n a & aimed &
i Devia 575 Y4 in & handbook aimed at

“Increasin

of rubber tires increased concem since ballasting of a
basically heavy ractor became necessary 1o get traction.
The problem of soil smearing by a slipping rubber tire was
recognized.

Adverse effects of trailic were noted long befora the
advent of tractors. Jethro Tull in the 148 century noted
that people who overworked soil in 2 moist state made it
like *a highway,” through frequent freading by horses. By
the end of the 19th century, subscil tines attached to
ploughs were used 1o break pans caused by horses and
plough soles in the furrow bottom, The effect on crop
yields of traffic: a1 ordinary levels is difficult o show
experimentally, although there are many weil-docu-
mented case studles of severe effects of trallic on
commercinl farm crops where, possibly because of a
difficult seqson or mismanagement, structure has been
damaged,

The effect of traffic on the soil 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 lenst the 18® Century, and have moved
beyond research literature into the domain of proctical farmer
edvice. Tndead; there are hints of soil management and the
importance of the cormect soil moisture content at sowing in
FitzHerbert's *Boke of Husbandry™ in 1523, and also in the
Roman descriptions of agriculture {Colemmla; in De Re
Rustica Book 11 article 4, for example writes “Let us, then,
above all, follow & middle course in ploughing our lands, that
they may neither be entirely wanting in dampness nor
immoderately wet: for too much moisture, as | have said,
makes them sticky and muddy, while those that are
with drought cannot be properly loosened” in hitp:/pene-
lope uichicago.edwThayer/E/Roman/T exts/Columella/
de_Re_Rustica’2* homl), Hall (1909) noted that in Spring
cultivation afier the wet winter, “The drying of the surface
s0il ... 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 moisiure
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 sccompanied 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

Figure 13, Wide-frame tractive veblcle wied for controlled traffe re  © > MUch practical advice on compaction management

m-tmmwmmhmmhmﬂi G e ol i N s pacion
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farmers also carries excellent summaries of compaction
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liserature, but does not add profound new ingi
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Given this history of knowledge, the exu]ﬁnlt SUmm

it is pertinent to ask: why is research ih‘[uTlﬂn literntiere,

being conducted ~ what are

requiring answers? Briefly, we think that
reasons for continuing interest in

Mipaction still
the Important new issues still

there are YRrious

Fnrm{m ean't always follow the obvio
vice (sometimes the crop must be sown or harvess
spective of the state of the soil, and Eﬂfﬂpnl::]dnc!:lrr?;
sometimes less important than equipment produstivity),
ven den Akker et al. (2003) lament the fisct that the advice
shnu}l ut;mﬁ;inun i well known and yet unheeded, They
conclude compaction remaing importan

solutions are still needed, - e
Compaction can usunlly be counteracted with other mun-
agement (irrigation, fertilization, plowing) (Hamza and
Anderson, 2005); and there remains o need 1o specify the
best overall management systems particalarly mluﬁm
1o hed furming/permanent lenes,

Mew equipment, tires, efc., require confirmation of the
best conditions of use including the impact on compac-
tion,

Reduced tillage systems may not offer opportunitics for
routine compaction disruption s wes once commonly
conducted with moldboard plowing or full-widih subsoil-

hfgmplﬂim {and tillage) does not always lead to the stm-
ple, measurable effects. Hydraulie conductivity shows
considerable variability and changes, while measurable,
may fot be significant (Boizard et al., 2000). Although
conductivity may be reduced by compaction, the impact
o sail water status also depends on various other fagtors
(boundary potentials driving flow, sl layering, etc) and
the changes due to compaction may be difficult to measure
ﬂ-lmwﬂ o lm:l'nlm b important &nd the signifi

paction may not 5 - .
cance lewn::i’mﬂ disputed [Schafer-Landefeld et al.
{2004); discussed by Ehlers et al, (2005), who disputed
their imterpretation on the grounds that, amongst other
things, they hadn't properly sccouried 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 sctual conditions in which compaction is impor-

Aant.

In scheduling operetions in large areas — in forestry or
pipeline laying, for example — mapping of compaction
likelihood by season will be important, so that operations
may he confined to less susceptible soils during wet peri-
ods. Jones et al. (2003) developed a preliminary map of the
susceptibility of Furopean soils to eompaction, aimed at

pssisting in the planning of ficld operations, We agree with

mﬂmnﬂ[ﬁﬂ}ﬂmhﬁllmm for new

Although there have been some economic appraisals of
the cost of compaction [eg., the three papers in the section

O EConomics of ¢
(1994a)), few suug
0 BConomic deci

inc;prlmilﬂn in Soane and van Duwerkpsi
: e ud_-: teonomics. A full study of
i nn—mnk.:ng in farming would reves|
Y ver factors,
‘rgeted advice, Oine af us (MK
commercial cot.

5 (which had the
Eonaequence of reducing compaction in the h:lds]

wis done o the basls of an economic appraisal which re-
vealed that fuel saving in o bed system would incresce
pmﬁwh:.illy more than any other factor, We therefare
fgree with Soane and van Cuwerkerk's {1994b) call for
Erenter efforts on whole farm cconomics,
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