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Soil Conditions That Influence

Wind Erosion’

By W. 8. Cner, sofl scieatist, Soif and Waler Consgervalion Research Division
Agriceltural Reseerch Service

SUMMARY

Degree of cloddiness, mechanical stability of clods, presence or
absence and stability of the surface crust, and bulk density and size
of crodible soil fractions are some of the important primary soil
faclors that influence erodibility of soil by wind, Changes in the
structural factors, and consequently in erodibility, are brought about
by various field practices and environmental conditions.

The most erodible discrete soil particles are about 0.1 mm. in
equivalent diameter. Dust tends to hinder the movement of the
larger grains. The dividing point between erodible and nonerodible
fractions is not distinet, for 1t varies with wind velocity, the equivalent
size range, and the proportion of erodible and noneredible fractions in
the soil.  Relatively few particles greater than 0.5 mm. in equivalent
digmeter are moved by common erosive winds.

Clods just large enough not to be moved by wind are most effcetive
in preventing the movement of erodible fractions. Large clods are
less effective, because in proportion to their weight they have a smaller
surface with which to protect erodible particles.

The amount of crosion on a cultivated soil is limired by the height
and number of clods that become exposed on the surlace. At a stage
when crosion ceases, the distance between the clods divided by the
height of the clods remains constant for any proportion and size of
nonerodible fractions present in the soil.  This constant is known as
the eritical surface roughness constant. Tt has a value ranging from
about 4 to 20, depending on the drag velocity of the wind and the
average equivalent size of the erodible particles.

As crosion progresses, the more erodible particles are continually
sorted out from the less erodible fractions. Particles moved in salta-
tion are piled in drifts over much of the eroded area. The abrasive
action of parlicles moved in saltation causes disintegration of the
“lods. The longer crosion continues, the greater is the amount of
drifted material accumulated in the general vicinity of the eroded
area and the lower is the subsequent veloeity of the wind required (o
initiate crosion.  There is, therefore, o range of Lhroshiold drag velocity
and erodibility for any soil, depending on the previous erosional
history of the affected area.  Intervening rains seldom influcnce the
threshold drag velocity and erodibility of wind-croded fields.  As soon
as the soil particles on the surface are ey, erosion is resumed.  Only
dry soil particles are moved by wind,

i Cooperative investigations of the United States Department of Agriculinre
and the Kaosas Agricultural Fxporiment Stativn; this publicalion i3 Kuansas
Apricultural Experiment Station contribution No. 502, Acknowledgment is
made to N. P, Woodruff, agriculbural engineer, Kansas Agrivultural Lxperiment
Station, for assistance in estimating crodibility of the farm felds.
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Erodibility of the soil is influcnced to some degree by the size, shape,
and density of the structural units and to some dogree by the eoherence
wilhin and between these units.  The former is reforred to as the
state of structure; the latter, as the slability of strueture.  The rela-
tive mportance of the state and the stability of structure varies
primarily with the size of the eroading field.

The resistance of different seil structural units to abrasion by
impacts from windborne soil malerial varies directly with their me-
chanical stability.  Stability, and hence resistance to abrasion, for
the different structural units in a drv state is as follows: {1) Water-
stable aggregates, (2) sccondary aguregates or clods, (3) surlace ernsi,
and (4) materials among the clods comented together and to the clods
afler the soil has been wetted and dried.  The last of the structural
unils at some depth helow the surface may possess mechanieal sta-
bilily approaching that of clods.

Sinee water-stable aggregates are the most stable structural units
ol Lhe soil, they are (he units to which the soil lnrgely disintegratoes,
hoth by forces of the weather and by abrasive setion of wind crosion,
Their high stability i= caused by cementing substances that are in-
soluble or only shighily soluble in water.  The individual walerstable
aggregnles, or a few of them elinging togetier, ave readily separatod
from the larger secondary aggregates by the wind and are usunlly ac-
cumulated in drifts within or pear the eroded area. The fine particles
are mainly earried away i the form of dust elouds, while fractions
larger than the diserete waler-stable ageregates remain behind as
restdual soil malerial. Drevland soils normally contlain no water-
stable aggregates large cnough (o resisl movement by erosive wind.
Their resistance to wind erosion consequently musl depend on the
formalion of seeondary aggregates or clods.

The wdentity of the elods is preserved to zome degree even aftor
repeated wetting and dreyving. Weiling enuses some water-soluble
and water-dispersible cements to become relessed from the originaily
diserete structural units and these released cotaents, on drying, cause
a coertain degree of comentation between the units.  The greater the
proportion in the seil of particles smaller than 0.02 mm. in diameter
dispersible by watoer, the greater is Use degree of comentation bebween
Lhe structural units and the greater is the resistanee of the soil to
breakdown by mechanieal forces and abrasion {rom wind erosion.
Also the greater the depth of soil. the greater is the pressure exerted
on Lhe soil and the grealer is {he degree of cementation among the
structural units, At considernble depth the whole so1l hoday may be-
come strongly comented together. This condition 8 referred to as
massive stracture.  Tillage beeaks the massive straclure to various
sizes of blocks, referred to as clods. The clods are highly resisiant
Lo wind erosion.  Tmplements thal bring the clods lo the surface
without burying crop residues are most ¢fTective against crosion by
wirnu.

The structural conditions and erodibility fluctuale in accordance
with the varying influences of the seasons.  In summer, increases in
the proportion of the coarsest walerstable aggregates and in clod-
diness are associated with inercases in the proportion of the finest
waler-steble particles and deereases in erodilnlity by wind,  Evidently
increases in the coarsest fractions and consequent decreases in erodi-
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bility are caused by increases in cementing substances contained in
the finest water-dispersible fraction.  In winter, the above-mentioned
trends arc reversed.

Approximate estimations of soil erodibility have been made from
the proportion and mechanical stability of clods greater than 0.84 mm.
in diameter and from the presence or absence and stability of the sur-
fnce erust. Such estimations may be uscful in determining the po-
tential erodibility of different soils and soil treatments.

INTRODUCTION

Two hasic methods are used {o control wind erosion. The first is
{0 create a soil condition resistant to erosion; the second is o sheller
the soil from wind, Sails differ greatly in their resistance Lo erosion
by wind. Differences in evodibility are due to differences in their
structural conditions that were cither inherited or brought about by
tillage, eropping, or secelernted erosion.  Itis important to know whal.
soil structure would be ereated by dilferent practices if wind crosion
is Lo be reduced Lo the minimum.

The object of this bulletin is to bring together, analyze, and evalunte
Lhe results of researeh on soil conditions that influence wind erosion,
Relerences to previeus publications on this and related subjects arc
made for readers whe may be interested it the methods and procedures
used in the studies and in more detailed information on specific
phases of the subject.

SCOPE OF THE SUBJECT

Wind erosion is a physical phenomenon and is therefore mfluenced
direetly by the physieal conditions of the seil.  Only dey soils are
moved by wind (932 Structure of the soil in a dry condition there-
fore is logically a more reliable indicator of wind erodibility than
structure m a wet state.

One phase of soil struciure in a dry condition is the size distribution
of dry aggregates, or clods—a condition generally referred to as
elod structure, or cloddiness (4, &, 893. Cloddiness is usually doeter-
mined by sieving dry soil on a nest of sieves.  This technigue, known
as dry sieving, was used by Pueliner in 1911 (84) and then by others
(28, 29, 32) to characterize the soil conditions produced by tillage and
cropping practices. The early methods employed sieving by hand.
Later, improvements were made by substituting sieving by hand with
mechanical methods (29) and by rolary instend of flat sieves (14, 20).

Resistance of the soil ageregates to breakdown by mechanical
acents, such as tillage, to force of wind, and to crosional abrasion is
another phase of soil structure that imfAuences crodibility of soil by
wind. The presenee or absence and the condition of the surface
crust also influence crodibility.  Stll another factor is bulk density
of the erodible soil [ractions.  All these physical factors affect erodh-
bility directly. They are known as the primary factors.  Until the
influence of the primary [actors on crodibility is thoroughly under-
stood and expressed, il will be difficult or impossible to evaluate the

2 Italic numbers in parentheses refer to Literature Cited, p. 38.




4 TECHNICAL BULLETIN 1185, U. S. DEPT. OF AGRICULTURE

importance of the basic soil factors that aflect the primary [actors
and erodibility.

Evaluation of the basic soil factors in relation to crodibility by
wind falls outside of the scope of this bulletin,  TFor want of a better
name, these may be ealled the secondary factors.  The majority of
them are by no means sceondary in importance. Some are basic to
the wind crosion problem. They alfeet erodibility by influencing
the primary physical factors.  The most important of the secondary
soil factors are soil texture, organic matter, soil micro-organisms and
varous products of organic matler decomposition, moisiure, «aleium
carbonate, water-soluble salts, and nature of the soil colloids. Some
of these factors, such as soil moisture, affect erodibility direetly by
aflecting resistance to the forces of erosion and indirectly by influencing
cloddiness and the condition of the surface crust.  Moisture, therelore,
may be considered as o primary or a secondary factor, depending on
how it is associnted with (he various constituents of Uhe soil.

Changes in structursl condilions and eonsequently in erodibility
of the soil are brought aboul by various ficld practices and environ-
mental conditions.  Some of the more important of these are elimatie
and seasonal conditions (17, 27, 37), kind of tillage and seeding
equipment used (25, 80, 36, 881, soil moislure conditions at the time
of tillage (81}, kind of crops grown (24, 39), aud size and lavout of
the fields (9, 2/}, It is bevond the scope of this bulletin fo show
how effective these practices are in influencing soil structural condi-
tions and erodibility, but it is important o point out that seil siructure
and crodibility can be modified greatly by various ficld practices.
The major objeetive of this bullelin is to show what soil condilions
may he erealed to reduce erodibilily of soil by wind.

PRIMARY FACTORS THAT INFLUENCE
ERODIBILITY OF SOIL BY WIND

The conditions under which wind erosion oecurs are few and obvious.
Wherever the surface soil is finely divided, loose, and dry; the surface
1s smooth and bare; and the wind is strong, crosion may be expeetod.
By the same token, wherever the surface soil is made up of stable
aggregates or clods lavge and dense enough to resist the foree of wind;
is compacted, roughened, or kept moist; or is covered by vegetation
or vegelative residue; or if the wind near the ground is in any way
recuced, crosion may be curtailed or eliminated. Of the six factors
listed above that enhance wind crosion, four are conneeled diveetly
with the condition of the surface soil. These four constitule the
subjeet matter of this bulletin. It is important thal they be thor-
oughly understood if they are 10 be properly evaluated.

Size, Shape, and Density of Erodible Fractions

Size, shape, and bulk density of diserele soil particies considerably
influence erodibility.  Bufk density is defined as the weight in grums
per cubic centimeter volume of a discrete soil grain or aggregate,
wcluding any air spaces within the grain or aggregate. It is con-
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venient when considering erodibility by wind to express size, shape,
and bulk density tovothel by what is known as equiralent diameter.
Equivalent diameter is the diameter of a standard particle that has
an erodibilily equal (o that of a soil particle of any particular diameter,
shape, and hulk density. The standard particles are spheres with

bulk density of 2.65. Graded Ottawn sand, recognized by the
Ameriean Society of Testing Materials as one of its standird materials,
was found to have terminal veloeily of fall and erodibility much filo
spheres and tas been used as a standard in delermining the erodibility
of soil grains (11}, THffereuces in the shape of soil particles have
much less influence on eradibility than their size and bulk density,
I'n practical use, therefore, the equivalent diameter is approximately
cqual to odf2.65, In which ¢ s the bulk density of the soil particles
and d is their dinmeter as determined by dry sieving.,

Movement of soil partieles is influrnced by wind forces exerted
against the surface of the ground.  These forees are not dependent on
voloeity al some height bul on the rate of inerease of velocity with
hoight, known as the dreg reloeity. For a given natural wind, the deag
veloeity remains the same for any surfnee roughness, but the veloeity

£ all heighls near the ground is influenced greatly by the surface
ronghness, which i furn is dependent on (he overall size of the soil
fractions and thelr arvangement on the surface.  The drag velocity
{173, whirh determives the slope of the velocity distribution curve
when the veloeity is plotted agninst the logarvithm of lieight, is cqual to

r;

———— where v, is the velocity nt height = and & is the height at
5.75 iogi;

which the projected veloeity curve interseets the ordinate and at
which the average velocity is zero (fig. 1), Zero veloeity exists
somewhere among the wregularities of the surface.  The grealer Lhe
magnitude of surface muwimos‘a the higher is the value of £ and the
hwiwr the level at which the aver age velocity is zero. Roughness,
zmd henee the value of £, varies with sizv. shape, and genersl arrange-
ment of the soil fractions composing the surface.  The average force
of wind aguinst the ground, knowu as surface drag, can be computed
from the drag velociiy, since r=p1 7.7 in which 7 is the surflace drag
and p is the density of the air {approximately 8.0012 n ¢, g. 5. {eenli-
meter-gram-second) nnits).

Tt the wind is increased gradually from a low velocity to a higher
oue, there comes o Lime when the most erodible particles are set in
molion. These parficles nre moved along the surface of the ground 1
a sevies of jumps known as seltation.  The higher thex jump, the more
energy Lhey derive from the wind.,  Each time they strile the ground
they transmit mueh of their energy to particles on the ground and
cause them either to slide along the surface, move off in saltation, or he
carvied high in the ate in true suspension.  The impaels from the most
erodible particles eause the movenment of the larger, denser. and smaller
particles.  Many of the colliding particles break apart or chip away
into smaller ploces.  This disintegrating process is known as abrasion.
The lMeegments, 1 tuen, are moved Dy the wind.,  The eroded particles
become finer as erosion progresses.

434 554 5B
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Fraras J.-—=Wind velocity distributions over woet =and and gravel surfaces of
dilferent degrees of roughness: ¢, Drag volocity of 41 cru. per second over o
surface composed of wet sand mounds 0.16 em. high, 1 em. apart; b, drag
volocity of 99 em. per second over the snrface as in a; ¢, drag veloeity of 76 cnt.
per second over s surfaee composed of fine gravel mounds 5 em. high and 30
em, apart; , drag velocity of 146 em. per secand over the surface as in ¢

The most erodible diserete soil particles are about 0.1 mm. in
equivalent diameter (fig. 2}, These require a. minimal drag velocity,
knewn as the threshold dray velocity {designated as 1.¢8), of about 15
em. per second to initinte movement.  This (hreshold drag velocity is
appheable under conditions most favorable to soil movement by wind;
namely, a soil material composed only of particles 0.1 mu, in equiva-
lent diameter, a surface that isloose, smooth, and dry, and the exposed
beel is at least 30 fect long. Under those conditions the velocity
required to initiate a pereeptible soil movement is between 9 and 10
miles per hour at » 12-ineh height. That is the lowest velocity that
can produce erosion of the soil.  Usually crosion does not become
pereeptille under ficld conditions until a. veloeity of al least 13 miles
per hour at a height of 12 inches is venched.  The reason far this
should become more apparent as the relationship between the thresh-
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Fiavne 2.—Relation of the threshold drag velocity of the wind to the maximwn
equivalent diameter of the transported soil particles: e, Sicved fractions in
which the ratio of minimum to maximum dinmeter varies as 1:4/2: b, sicved
fractions in which the size of particles ranges from fine dust to the indicated
maximum size: ¢, x0il containing 15 pereent of nonerodible clods ranging up to
253 mm. in diamoter.

old drag velocity and the equivnalent size of the soil particles is
explained more fully.

The threshold drag veloeily inercases for particles above and
below 0.1 mm, in equivalent diameter (fig. 2). The threshold drag
velocity for particles greater than 0.1 mm. varies as the square root
of the produet of equivalent diameter of the particle and the density
relationshin of the fluid and the particle.  This square root law may
be expressed by

=2 (1)

V= \/

p
o
in which o is the diameter of the particle, g the gravity constant, «
is the bulk density of the particle, p is the densily of the fluid, and
A, s coeflicient whose value depends on the range of equivalent size
of particles present on the eroding surlace,

The relationship between the threshold velocity # at any height
z, equivalent diameter of the soil particles, and the roughness of the
surface as exemplified by the value of & can be expressed hy

2

As shown from cquation 2, the greater the valuc of &, and the rougher
the surface, the lower is the velocity (at some fixed height) required
to move the particles. This relationship applies only to a condition
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where the roughness clements are the soil fractions moved by the
wind. It means that the larger the erodible particles or the higher
(hiey are perched on o rough surface, the higher they will protrude into
the airstream and the greater the loree of wind that would contribute
to their movement, other factors heing equal.  Where the roughness
clements or the surface projections or barricrs are noneredible, the
threshold Iaw expressed by cquations t and 2 still applies but (he
value of coelficient 4 Is inereased considerabiy. Under such a condi-
tion much of the surface drag is dissipated against the nonerodible
fractions and only the residual drag contributes to the mowvement
of crodible {ractions.

If the soill materisl is composed only of crodible fractious of n

limited range of size, sueh as an inerement of 42 commonly oblained
Ly dry sieving, the value of coeflicient A of equations L and 2 based on
¢, . 8 units is equal to about 0.1 for particles greater than 0.1 mm. in
equivalent diameter (lig. 2, eurve @), However, natural soil materints
have & much wider range in size of fractions and therefore are asso-
ciated with values of corflicient o fareer and smaller than 0.1, IT a
soil, such as a commonly oecurring dunc material, is composed only
of crodible fractions ranging from the largest down to the smallest
crodible particles, the value of coeflicient 1 of cquadions 1 and 2 is
oniy about 0.085 (fg. 2, curve ). For such malerinls the threshold
drag velocity varies as the square rpot of the average equivalent
dismeter of all the component particles (1.2). Thus, the threshold
drag veloeity for a mixture of diferent equivalent stzes of erodibile
particles i1s lower than thal required to erode only the largest of the
particles. Alovement of the larger particles is facilitated by bombard-
ment received from the smaller particles moving in saliation. The
coarser fractions are transported primarily by rolling and sliding
along the surface, a movement known ns surface creep.

Effect of Dust Parlticles an Soil Muorement—-Dust particles hindor
(he movement of the coarser grains mixed with them. The more fine
dust present in the wind-croded soil, the greater is the minimal loree
of wind required Lo nitiate soil movement, The threshold velocity
Tor these fine particles increases with the deerease in ihe size of par-
ticles.  Loose particles smaller than 0.01 mm., il not mixed wilh
conrser particles and if placed in a bed that is thoronghly smoothed,
are not moved even by an exceedingly strong wind.  Far these par-
ticles the (hreshold drag veloeity rises with the deerease in their
diameter {fig. 2). No sunple relationship has been found bhetwoeen
the ecquivalent diasmeler of these fine particles and the threshold
veloeity required to move them,

The high resistance of the fine dust particles to movement by wind
is 1o some degree due to cohesion amoeng the particles.  More par-
ticularly, their resislance is due to the faet thal when the bed is
thoroughly smoothed, the particles are loo small to protrude above the
viscous, nonturbulent layer of air, known as the faminaer feyer, close
to the surface. It is known (26) that the soil particles of height
would be submerged in the laminar laver as long as the Revnolds
number ol the Torm Tude is less than 3.5 {fig, 3}, The kinematie
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Fravas 3.-—Diagrain showing ta) fine spherical partietes submerged in the fuid's
launinar layer (straight arrows) and (b larger spherival graing protrudm" into
the turbulent layer (earved arrowsl.  Movement of soil particles is poszsible
only in b,

viscosity, », for air is approximately 0.15. If, on the other hand, the
Reynolds number is greater than 3.5, the pacticles behave as abstrue-
tions in the path of the wind, throw off eddies to their lee sides, and
disrupt the lJaminar layer. Under a foree of wind equal to or greater
than that required harely to move the soil particles, the particles will
disrupt the laminar layer il they are greater than 0.05 min, in diameter
(@), 1f the surface composed of fine dust particles is roughened to a
degree where the surface projections are at least 0.05 mm. in height,
novement of the parlicles Lakes place under a relatively low veloeity
of wind. In such cases the projections composed ol many dust parti-
cles elinging together are broken off and moved bedily by the wind.
Movement ceases as soon as the projections are leveled down to less
than 0.05 mm. in height. Under field conditions the surface rough-
ness clements ace usually much greater than 0.05 mm. The dust
particles cling to the larger grains and are therelore moved readily
with them.
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Rale of soil movemert~—If the wind is greater than that required
barely Lo move the soil particles, the rate of soil movement ¢ is cqual to

g=C+d g Ve (3)

Uz

— Py__ ¢ '
q=C+d ; (4)

- z
5.75 fog}'j

Equations 3 and 4 show that, all other conditions remaining the
same, the rate of soil movement varies diveetly as the cube of the drag
velocity, as the square root of the average diameter of the soil particles
moved by wind, and inversely as the roughness of the acrodynamic
surface indicated by the value of k. Cocflicient ¢* varies widely for
different solls, It varies with the size distribution of the erodible
parlicles {1, 4), the proportion of fine dust particles present in the
mixture (4, ), the proportion and size of nonerodible lractions (4, 10,
and the amount of moisture in the soil (19). All these factors, and
perhaps many more, affect the rate of soil movement and henee the
value of coefficient €.

Size and Total Volume of Nonerodible Fractions

On cultivated soils the noncrodible soil fractions offer o cerlain
degree of protection to the erodible ones. Tor that reason the thresh-
old drag velocity required to move the crodible particles is ereater if
the erodible particles ave mixed with noncrodible fractions than il
they slone comprise the surface soil (Ag. 2, curve ¢). The threshold
velocity law expressed by cquations 1 and 2 holds just as well for
mixtures of crodible and noncrodibie fraclions as for eredible frac-
tions alone, but the value of coefficient A is incressed considerably
for the mixtures. Where the nonerodible fractions comprise 15
percent of the weight of the soil, cocfficient A has a value of about
0.2 (fig. 2, curve ¢). The greater the proportion of noncrodible
fractions present in the soil, the greater is the threshold drag velocity
required to move a given equivalent diameter of crodible particles,
and the greater is the value of coeflicient 4,

Maximum equivalent size of soil particles that can be moved by
wind of a given drag velocity can be determined for each of the three
distinetly different soil materials shown in figure 2. The dividing
point between erodible and noncrodible fractions varies not only
with the drag veloeity of the wind but also with the average equiva.-
lent size, size range, and proportion of erodible and nonerodible frac-
tions present in Lhe soil (fig. 2). The dividing point for any wind
velocity and soil condition is by no means distinet,

In all soils containing erodible and nonerodible fractions the quan-
ity of soil removed by wind is Hmited by the height and number of
nonerodible fractions thal become exposed on the surface. 1f these
soils are unaffected by encroachment of erodible material from the
outside and if the length of the eroded arca along the direction of the
wind is limited, the removal of erodible fractions continues until the
height of the noncrodible projections and Lheir number per unit area
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arc increased to a degree that completely shelter the erodible fractions
{from the wind. Movement then ceasas {fig. 4). The time required
for movement to cease varies greatly with the soil struetural conditions
and the length of the field parallel to wind direction (fig, 5). The
smaller the size of nonerodible fractions, the higher is the initial rate
of soil movement ¢ and the shorter the time required for movement to
cease. The higher the proportion of erodibie to nonerodible fractions,
the higher is the initial rale of soil removal and the longer the time
required for movement to cease, Also, the larger the field the greater
the time required for removal of erodible fractions (6, 8).

Tf the soil contains a large proportion of erodible fractions, few non-
erodible clods per unit aren of ground become exposed by the wind.
The nonerodibﬁ)e clods under such 2 condition have Lo reach a con-
siderable height before soil removal will cease.  If, on the othier hand,
the soil contains a small proportion of erodible fractions, many non-
erodible clods will be exposed on the surface by the wind and their
height when soil movement ceases will be relatively low.  The greater
the number of clods exposed on the surface, the lower is their height
when soil movement ceascs. At & stage when soil removal ceases, the
distance between the projections divided by the height of the projec-
tions remains constant for any proportion and size of nonerodible
fractions present in the soil® This constant is known as the erilical
surface roughness constent. It is a ratio of distance between the non-
erodible surface projections to the Leight of the projections that will
barely prevent the movement of erodible fractions by the wind. On
cultivated soils this ratio has a value of 4 to 20, depending on the
drag velocity and on the range and average equivalent size of the erodi-
ble fractions (9). The critical surface roughness constant of 4 means
that the surface projections of height H will prevent the movement
of soil within a distance of 4H downwind of the projections. This
dominant principle governing the erodibility of cultivated soils can

e expressed by
X=KRs, (V.—V)) {5)

in which X is the weight of soil removable from a given area by a
given wind, V, and V; are the volumes of the surface projections before
and after exposure to erosive wind, respectively, £ is the ratio of
erodible to nonerodible soil fractions, oy is the bullk density of the non-
erodible projections, and K is a coefficient that varies with the shape,
porosity, and possibly other characteristics of the projections. V)
varies diveetly with the proportion and size of nonerodible fractions,
and. V. varies with the drag velocity and the size and bulk density of
erodible fractions.

Effect of Size of Field on Wind Erosion.~—The principle of surface
roughness that governs the erodibility of cultivated soils is clearly
manifested where the eroding area is small. The larger the area the
greater the time required for erosion to cease. In fact, in large lields
removal seldom ceases for a given wind. On the average, about 120
hours of continuous exposurc to erosive wind blowing from & single
direction would be recquired to stabilize a one-half mile length,  Erosive

. S . 1 . .
3 Distance belween projections is cqual fo W where ¥ is the number of projec-

tions per unit ares,
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urg d.—Appearunee of o sil loam composed of 92 percent orodible and
pereent nonerodible fractions (A) Dofore exposure Lo wind, and (8 alter o
posure for Ghe period reguired Tor soil reimove’ to conse. Wind veloeify was
18 miles per hour ad & B-inch height aned wind divection was loft To right,
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o Froctibew A,95%,D,5 % ; 25-mp-h wind
s Frattions &,85%, 0,i5%; 25-mph wind
afrachions A,95%, C,15%; 25-mph wind
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o Fractions A8%5%, G i15%; 25mph wind
/ ° e Fractions A92%, 0,8 %; 25-mph wind

x Fractions A75%, 0,25%; |8 -mph wind
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Quantity of soil removed (tons per acre)

0

20 30 40 50
Duration of exposure (minutes)
Ficure 5.—Quantity of soil removal with duration of exposure in a wind tannel,

Soil fractions A, C, and D are less than 0.4% mm, 0.34 to 6.4 mm., and greater
than §.4 mm, in diameter, respectively.  Lengih of soil area was 5 fect.

winds, however, seldom blow continuously from one dircetion for
such periods. A change in wind direction also would prolong the
period required to stabilize a ficld. Then loe, great quantitics of non-
erodible fractions in large ficlds are converted Lo crodible particles by
abrasion from the moving soil particles. The surface projections
under such conditlions tend to be destroved and the rate of soil move-
ment tends to accelerate rather than decrease, as is usual in small
isolated fields.  The decrease and ultimate cessation of seil movement
are possible only if the surface projections or barricrs are indestructible
by wind crosion. The deserl pavement composed of a mantle of
nonerodible gravel is one example of virtual indestructibility of a
stabilized surfunce,

Quantity of eradible soil —The foregoing description of soil movemens
by wind has indicated that the rate of movement on cultivated seils
i5 seldom constant bubt changes with the surface conditions of the
sot}, which, in turn, change with the duration of exposure to the wind
and with the crosional history of the field.  For that reason the weight
of soil material removable from the surface by the wind is a more
accurnte measure of erodibility of dry cultivated soils than the rate
of soil removal. The weight of soil material (X} that is removable
from a given area by the wind may be expressed in terms of drag veloe-

ity of the wind by
X=CV,* (8)

where the coeflicient ¢ varies with many factors.

The quantity of crodible soil for a given drag velocity varies in
great measure with the degree of soil abrasion as influenced by the
characteristic length of the eroded area. For that reason it is betier

4G54 ——08—3
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to express the crodibility in dimensioniess form applicable to any size
of field, direction of wind, or units of measure by

X /X=cr,t (7}

in which X is the weight of soil material removable frem a given aren
under a drag veloeity of 60 em. per second, for instance; and X7 is the
weight removable under the same set of soil conditions under any d rag
velocity T,

Soil Moisture and Rainfall Effects

Erodikility is about the same for soil that is oven-dricd or air-dried.
Above this range of soil moisture contents, a distinet decrease in
croadibility is manifested (19).  Erodibility decreases rather slowly at
first, then more rapidly with increases in moisture conients, reaching
zevo ab about the 15-atmospliere percentage for a drag veloeity of
about 60 em. per sceond (fig. 6). The I5-atmosphere percentage is

8
x\x

s ™~

X

-‘\o

~.
S o
e~ "\
N N,

Soil movement (gm./cm. wide/sec.)

0 2 4 6 8 I
Equivalent moisture, W

Fiorre 6.—The average influcnee of equivalent nwisture of different soils on the
rate of seil moverent by wind of a drag velocily of {botLom to top) 47, 63, and
88 em. per second.
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the upper limit of hygroscopic water and corresponds approximately
to percentage of water at the permanent wilting percentage. In-
creasing the moisture content even slightly above this limit requires a
relatively great increase in the drag vclocxt.y to produce movement of
the soil,

Erodibility is a function of the cohesive force of the adsorbed water
films surrounding the discrete soil particles. The colesive force
among the soil pmtzcles together with the force of gravity on the
pattlclcs must be overcome by ihe wind before erosion can oecur.
Therefore by utilizing equation 1, the threshold drag velocity V., for
moistened soil particles may be expressed by

g—p

—
£ 8
T (8

T"T*; =4

in which ¢ is tho resistance due to cohesion of the adsorbed water films
exerted against lift and drag of {,ho wind. The valies of resistonce ¢
were found to be equal to e where 117 is the equivalent moisture
(fig. 7). The equivalent moisture is & ratio of water content to water
content at a 15-atmosphere percentage. It is equal to wfw’, in which
a is the amount of water held in the soil and w is the amount of water
held by the same soil at a 15-atmosphere percentage.

Since ¥, 15 cqual to \/E, the rate of movement of moistened erodible

particles, utilizing equation 3, may be expressed by
—pfT—0 1.5
=0y 22(° ) 9)
1 AN (

and the relative quantity of moistened soil materind removable from g
given area, utilizing equation 7, may be expressed by

X X=('(’;‘f)2'5 (10)

Bquations 8, 9, and L0 apply only (o condilions where moisture has
been added to originally loose, dry soils.  They do not appiy to soils
that have been moistened and then dried to various degrees, thereby
causing o substantial degree of cementalion of the or urnml]) discrete
soil fraction—a comentation due to shrinlage of the waler films on
fine particles by dryving.

Wetting and drying cavse little cementation of drifted soil materials,
such as those sceumulated n drifts by wind, but lhey cause con-
siderable cementation of most other soil materials, The drifted
materials that cover mueh of the surface of eroded ficlds are composed
essentialiy of water-stable grains devoid of fine dust particles required
te bind Lhem Logetiier. The impacts from a few grains moving in
saltation is all that is necessary 1o separate the water-stable gruins
and Lo start them again in motion by the wind.

Cementation of cultivated soils by welting and drying greatly in-
fluences erodibility,  When a loose soil other than drifted material
is welted and dried, the fine particles tend to bind the whole soil body
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4 DUNE SAND i/
X SANDY LOAM
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Equivalent moisture (W) (log scale)

Fiaune 7—Hclation between rosistance {¢), due to tohusion of the adsorbed
water films, and equivalens moisture (YWY in various soil classcs,

to form a somewhat compact mass more resistant to wind than the
originally loose soil, Then, too, & surface crust is almost mvariably
formed, owing to impacts of raindrops on the ground. Except at the
immediate surface, the primary (water-stable) agoregates and the
secondary aggregates, or clods, usually undergo little transformation
by individual wetling from rain and dryving. A greater change oceurs
in the degree of compactness and cementation ameng the various
recognizable ageregates.  This type ol cementation has an important
mfluence on erodibility by wind, but the degree of cementation is
generally too weak to be detectable by wet or dry sieving.  Thus, wet
or dry sieving, or clutriation in water or air, does not measure some
important phases of sull structural stabifity that influence the erodi-
bility by wind. In addition to the abuve-mentioned conventional
methods of structural analysis, other methods must be used if crodi-
bility is to be determined fully. One of these methods is o direct
mensure of stability or resistance of the various structural units to
breakdown by abrasion from windborne soil particles,
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Mechanical Stability and Abradability of Soil Struc-
tural Units

Resistance of a dry soil to hreakdown by mechanical agents, such
as lillage, force of wind, or abrasion [rom windborne materials, is
known as mechanical siability. 1L is duc fo coherence of the soil
particles.  Mechanical stability has been determined conveniently hy
dry sieving on a rotary sieve (18).  Mechanical stability of soil frae-
tions is equal 1o 100 115/17, in which W is the weight of particles or
agregates greater than 0.84 mm. alter the fivst sieving and Wiis the
weight after the seeond sieving.  Mechanieal stability ol miterial
among the soil fractions after they have been consolidated or cemented
togeiher by wetling and drying 1s equal to 100 305, in which W 1s
the weight of the consolidated body before steving and W is the weight
after sicving through a sieve with openings equal 1o the largest of the
onginaliy diserete dry pavticles or aggregates,  Mechanical stability
of the structural unifs measures the relative strength of cementation
or coherence within these units; meehanical stability of consoludated
hodies of the structural units i3 a measure of the relaiive strength of
comenlation or coherence emong these units,

Resistance of the various phases of ficld structure to disintegralion
Iy mechanical forees, such as dry sieving, is a relative measure of the
régistance to disintegration by abrasion (o which the soil is subjected
when It is ereded by wind. ~ Abrasion is an important phase of the
wind erosion process on all soils (7, 18). 'Fhere are {wo main aspecls
of abrasion: (1) The disintegration ol nonerodible or consolidated soil
units into particles small enough to he moved by wind, and (2} the
wearing-away of erodible soil units to dust capable of heing carried
from (he viemily of the eroded region.  [n the first aspeet, abrasion
is direetly associnted with soil cradibility; in the second aspeet,
abrasion determines the mebility or the rate of removal ol the fine
meehanical soil conatituents from the wind-eroded regions (13).

The relative susceptibility of the soil (o abrasion by windborne soil
particles has boen expressed as the eneflieiont of abrasion (18). The
coofBieient of abrasion is the quantity of soil material abeaded of a
soil aggregate per unit weight of abeader blown against the aggregate
in a 25-m. p. he windsteeam.  Sinee the amount of abrasion varies as

o=

. C 25N . . .
the square of velocity, the coeflicient is equal to « (e_) »in which ¢ is

the weight abrded per unit weight of abrader blown ab any wind
velocity () oxpressed in miles per hour. The cocflicient of ahrasion
hradability) of the different structural units of the soil varies
inversely with their meehanieal stability, as determined by repeated
dry sieving (fig. 8).  Furihermore, modulus of rupture, o measure of
eoliesive strength of soil briguets as deteeniined by the methad of
Richards (35), varies inversely with the cocfiicient of abrasion and
inversely with dianmeter of mechanical soil partieles from which a
briquet is formed (G 9). '

Owing to ahrasion, soil structure breaks down progressively as wind
crosion continues.  The amount of brealedown depends on mechanical
stability of the struetural untts.  The oviginal initiation of pereeptible
soil ntovement for the first time in the field geneeally requires a much
higher deag veloeily than for suceeeding windstorms; the soil is usually
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Fievre §.—Relalion hotween the eoeflicient of abrasion and mechanical stalifity
of diTerent phases of field siruclure of soil.

covered with a thin surface crust that is somewhat resistant to wind
crosion, As soon as some soil particles are loosened and moved by
wind, Lheir abrasive aclion against the surfoce canuses the erust to
disintegrate and expose » more highly erodible soil beneath.  Then,
toe, the nonerodible clods gradually become broken down by impacts
of saltating grains. The crodible fractions are being continually
sorted from the less erodible fractions and usually are piled in hum-
mocks in the wvicinity of the croded area. The longer crosion
continues, the greater is the quantity of highly crodible material
accumuiated on the leeward side of an isolated ficld and the lower is
the velocity of wind required to initiate crosion of the field. Soil
movement usually begins and is of greatest intensity on the leeward
side of the field where the concentration of the eroding particles is the
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Fravrag 9.—TRelation of motunlns of rupture and coeflicient of abrasion to
dinmeter of meehanical soil particles in dry briquets.

areatest and abrasion of the crust and of the nonerodible soil fractions
s most intense (8).

Therefore, & range of threshold drag velocity for any soil depends
on the previous erosional history of the ficld.  This range varies from
the originad threshold velocity of the previously noncroded field to the
Lireshold veloeity of dry dune materials. This range is between 13
and 30 m. p. b, at I-foot height (6. Onee a fiold has been exposed to
a sories of crosive winds, 1L gencrally starts to erode when the wind
reaches o velocity of about 13 mu p. b at 1-foot hetght—a velocity
suflicient to move dry dune materials. This theeshold velocity is
remarkably vniform for all dune malerials.

Surbace soil, suel as exists in the field alter welting and drying, is
ot ]l{)!ﬁ{)"’(‘”(‘(}lis, although often it appears to be so. It is composed
of various Lw,pos ul st:mlnml units ceimented together in varying
degreos (16). The strength of comentation and, consequently, the
dbl'uh‘ahlhiy whoen the soil is dry vary greatly for different soils and
different structural units of the soll. Two types of soif cements seem
to be responsible for consolidation of the soil in different structural
units: {1} Water-insoluble; snd (2) waler-soluble or water-dispersible.
These cements appear to be responsible for the following bypes of
structueal units with distinel doegroes of mechanical stability and
abradability by wind: (1) Wa verostable ageregates; (2) sccondary
ageregates, or clods; (3) fine materials among ‘the second ary aggregates;
and (4} the surface crust,  Those plinses of Beld structure in eultivated
soils are shown in figure 10, Each sccondary aggregate in figure 10
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=== Surfoce crust w Secondary oggregate

B Primary oggregates 3% Materials among
the secondary
oggregates

IFreere L0, —Diagranumatic represeniation of structure of euflivated soil after
wetling by rain and drying,

is designated Dy 2 line surcounding a number of primary aggregates, of
which the sccondary aggregate is ecomposed.
Water-stable aggregotes—These primary ageregates, which seldom

execed 1 mm. in diameter in eultivated drvland soils, are held together
by water-inseluble cements composed of elay particles and irreversibie
or slowly reversible inorganic and organic colloids (2).  Thewater-
slable granules possess high strength of ¢oherence (73, 16) and sta-
bility against the «lisintegrating forees of the weather {(17),  Sinee
they are (he mosl stable struetvral units of the soil, they represent
the units to which the secondary aggregates ultimately disintegraie,
both by forees of weather and by abrasive action of wind-croded soil
perticles. The water-stable aggregates are readily separated from
ihe other soil Iractions by the wind and are usuelly aceumulated in
drifls or mounds within and outside the eroded fickds,  Particles finer
than water-stable ageregates are removed in the form of dust, while
the coarser lractions (elads, eravel, and rocks) remain belind as
residunl soil maderiads.

The drilted particles are principally individual water-stable aggre-
gates or diserete sand grains (table 1}, The drifted sand grains and
clay ageregates exhibil the wreatest mechanieal stability, while those
of intermediate texture exhibit a somewhat lower mechanienl stability
(table 2}, Without appreciable quantities of fine dust, the wind-
blown grains tend to remain as diserete units, giving the seil materinls -
a characteristically mellow strueture commonly referred to as “good
tilth.”  Dryland soils are victuslly devoid of water-stable particles
[arge enough to resist movement by wind.  Their resistance to wind
crosion consequently must depend on the formation of secondary
nggregates or clods,
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Tasue 1.—8ize distribution of dry and water-stable aggregates in wind-eroded (drifted) and residual soil materials

Dry fractions Water-stable fractions

Soil textural class Soil material ]
>0.84 | 0.84-0.05 | <0.05 >0.84 | 0.84-0.02 | <0.02

mm, mm, mm. mm. mim. mni.

: - Pereent Percent Percent Percent Percent Percent
{ Drifted 1 98. | In 97.

Residual. . ..o 2 79.
{Drift(.‘d ............. 96.

Sand 97
4. 7 93.
2. 93.
3. 94.
1.4 93.
1. ¢ 93.
4, 86.
4, 87.
5. 82,
9.6 86.
4. 90.
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TasLe 2.—Mechanical stability of different structural units and of fine
materials amonyg the structurel units of wind-eroded and residual soil
materials

Mechanical stability

Struetnral units _ ! i |
Sandy [ Rilt  Billy elay; Clay
lgzun l lowm fowm

Particles ~»0.42 mm. from fresh drifts | Prreent l Perceat | Percend | Percent

{ehiefly wator-stable).______ ... . ¢ VO7. 6 3.3
Dry ageregates or elods >0.42 mm, ob- [
]

3.5 03. 7.

Loined by dry sioving 83.8 a0, 6
Rurface ernst 13- to ¥-inch thick on resid-
6. 2 (9. 3
Particles <042 mm. from residual soils : i
after conrolidation? L .0 L. 7.0 28 27.3
Parbicles <042 . fromt (rosh drifis ;
after consolidation2.. . ... ... . 330 2 5.0

U Mostly sand grains,

2 Consolidation was aceomplishied by speaving the dry soil material in a eolumn
2 inches high with | ineh of water followed by deyving.

3 Cementing strenpth among parlicles wuy barely overcote by wind having «
drag velocity of about 60 em. per second.

Secondary agyrequies or clods —Secondary aggregaies are next in
order of mechanienl stability, depending on soil class, depth, and tillage
treatment.  Thex are held together in a drey stote primarily by
water-clispersible eements acting under pressure from depth and
time. The coments are composed mainly of water-dispersible par-
ticles smaller than 0.02 mum. in diameter (table 3), When these fine
particles are removed by repeated decantation after shaking in
waler, the water-stable aggregates 1o which the clods disintegrate
after shaking in water are mueh like sand grains in that they fail to
coliere Lo each other after a layer of them is dried (table 3). Fine
waler-digpersible  particles are necessary to bind the water-stable
ageregafes together Lo form clods,

The cleds are resistant to wind ecrosion so long as theyx remain
Iarge enough to resist movement by wind.,  Many of them maintain
their identity for some time alter repeated wetting and drying in the
ficld.  Individual rains have little influence on the lorin or compact-
ness of clods below the surlace even alter they lose their visible iden-
tiLy ofter Llie soil is wetted and dried. Only within & narrow zone of
the immedinte surlace where the soil mass assumes n strueture dis-
tinetly different from that below do the elods become appreeiably
disintegrated hy impaets of raindrops.  Abrasive Lests have indi-
cated thad after repeated wetling and dreyving the clods become merely
embedded in the fine, loosely conselidaled portion of the seil. The
strength of cemenfation between the clods is generally nruch lower
than within the clods; henee, the reason why blocks of soil abrade
unevenly when exposed to impacts of windborne sotl grains (fig. 11).
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TamLe 3.—Relation between dry ool formation and pereentage of
particles < 0.02 mm. dispersed in waier

Purlicles Clods
Soil materis and treatment Boil textural elass 7002 mun {042 mm.
Ydispersed | after dey
i in water sieving

H

i
Percent | Percent

Sandy loam_____._ 10,2 17.0)
Dry sicve fraction<0.12 inm, con- {8l o, .. ___ .. 14,3 281
solidated.t Bilky eluy tomn.___ 18 2 27,3
Clay_____ ... . 98 17 4
Dry  sieve, fraction<{0.42 mm. [[Sandy lown___ 1] 0
from which partieles<?8.05 wmn, [Sils loam . __ \] 0
were removed by shaking and re- P Silly elay loau__ . 0 .09
peated deeanbation in water, and | Cluy.. oD _ L _____ U .24
Lhen consolidnied.!
! Consolidation was aceomplished by spraying dry soil malerial in a ¢olumn

2 inches high with § inch of water followed by drying.

Materials amony the clods —The cohesive forces that exist among
the clods after the soil has been wetted and dried vary greatly, as
within the clods, depending on the number and the nature of wellings,
on the depth and consequent pressure exerled agninst the soil, and on
the physical-chemiceal nature of the soil. The degree of cementation
that holds the clods together alter the soil has been wetted and dried
15 due in large measure to the quaniity of particles of the size of silt
and elay dispersible in water (lable 4). Wetting apparently causes
cither some water-soluble and water-dispersible coments or waler-
clispersible cements 1o become released from the originally diserete
structural unils and, on drying, the coment causcs a certain degrec
ol cementation hetween the units. The greater the quantity of fine
particles dispersible by water, the greater is the degree of cemoenta-
tien among the structural units and the greater is bhe resistance of
the soil to breakdown by mechanical forees,

Pressure likewise increases the cementation among the clods and
other structural unils, The greater the depthy the greater is the
pressure exerled on the soil and the grenter is the degree of cementa-
tion_and mechanical stahbility among the struetural nnits, until the
whole so0il mass, nl a certain depth, may become strongly cemented
Logether,  This condition is often referred to as a massive structuroe,
Tillage breaks the structure to various sizes of blocks referred to as
clods.  Tillage, if suitable, may bring the clods (o the surface Lo resist
crosion by wind.  But it also tends (o bury the crop residue, Imple-
ments that perform effectively the dual purpose of increasing the
surface cloddiness and, al the same time, avoiding the burial of erop
residues are needed.
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Frovae 11 Bieeks of <il loam -Lefe ] sanedy doam feighty consolidaled by
speonvins witle Toinelr of waner T tinves andd deving alter each werttine: (F Before
abrasjone by done ~ooely B adver abrasion, The orisinadly enbedded, Toss
alsrzndabiles ol walis abe exjuescd wlter abrasion, They are mnipdy see-
ardnry stzgregales o elods,

Tl fine pacticles that vend o cetnent the elods and other strue-
tural units towether are eotnposed of L elay, and varions nniterials
of orgnnie aond norgante oricin, - Dispersed <l atthoueh usuatly net
considered asa =0l cement. acts ox o wenk eoment of suflicient strength
i re<ist consideralily te foree of wind /8y, S0l particles are dis-
persed by water moek more readily than particles of elay se. The
presenve ol Taree quantities of dizpersed =it partieles in a0l appears
to canse the formation of o compact, massive struetnree, which, while
quite pestsbanl to wind erosion, may presenl a sertons strmetural
prahleny otlerwise, Bradiield and Jamisen (3 coneluded that hapd
and intractible soil< were nsually those areely composed of Tine silt
v ing a single-gratn steueture when digpersed In water,
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TasLe 4.—Relation detween mechanical stability of blocks of eonsoli-
dated soil and the percentage of particles <0.02 mm. dispersed in
water

Particles
Soil material and treatinent Soil textursl cinss '<70.02 mm.|Mechunieal
dispersed | stability ?
in water

Pereent Pereent
Sundy loam K4 17.
Dry-givve (raction <{0.42 mm. from |)Sitk loan: 190 28
residul soil, consoliduted. ?ilty efay loam___ 18 27, i
Ay
Sandy loam
Dry-siove fraction <7042 mm. from || 8ilt loam
edrifis, consolidaked, ?iil,‘v eluy lown____
HELY

8
0
46

e R
[re IR e R iew o MUN VIS

$ 100 29 3

! Percenlage of clods 2> 0042 mm. after dry sieving the bloeks on o 0.42.mm.
rotary sieve,

The surface crust—DBecause of impacts of rain, the soil material at
the surface becomes more dispersed than the soil below.,  On drying,
the dispersed soil forms a thin surface crust that is more compact and
mechanically stable than some parts of the soil below. The erust
often does not exceed one-sixteenth inch in thickness, but occasionally
it may reach o thickness of one-fourth inch. The crust is ensily
recognizable by its dense, platy structure. This type of structure
becomes less distinet with depth, until it merges with the soil below.
Medium-textured soils containing a high proportion of silt are most
subject to dispersion in water and, therefore, theso soils produce the
thiciest and most compact erust (table 5).  That cendition contributes
to the usually high resistance of the medium-textured soils to crosion
by wind. Sandy soils generally are less subject to surface erust
formation, beeanse they do not contain & high proportion of silt and
clay. That property contributes considerably to the high erodibility
of sandy soils by wind. Clay soils are highly variable with respect to
wind erosion. Those that contain & high proportion of fine water-
dispersible particles tend to puddie and resist erosion by wind, On
the other hand, some clays are not subject to a high degree of disper-
sion (table 5); consequently, the surface crust and the elods tend to
remain as fine granules, some of which are readily moved by wind.

A rain or a serics of rains often carries some of the finely dispersed
and water-soluble cementing materials downward, leaving the coarser
particles, such as sand or water-stable aggregates, at the top. Some
of these coarser particles remain loose on the surface and often con-
tribute to the initial stage of wind erosion. Being on the surface,
they dry rapidly. Cousequently these coarser particles may be
moved by wind soon after a vain, even before the drying of the surface
has become apparent. Abrasion from these particles tends to wear
down the surface crust, to Lhasten the drying of the surface, and to
accelerate the soil movement as long as the wind that is strong enough
to move the soil material continues. Smaull showers often tend to
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smooth the soil surface, to loosen some of the surface particles, and,
if the field is large, to accclerate rather than alleviate soil movement
by wind.

TaBLE 5.—PRelation between mechanical stability of the surface crust and
percentage of particles <(0.02 man. dispersed in water

Particles |Dechanieal
Soil fextural elass Soil material <0.02 mm. stability
dispersed | of crust
in water

Brifted Pereent Percend
;. T rifted__ - . &. 4k,
Sandy loam Tgcsidu:tl 60,
. . Drifted_ ..o ___ ... 60.
Silt loam {Rusiduul e 738.
e e T Drifted.__ . .. .__ 59
Sitby chay loam. ... {Rosi{hml ST 69,
{l)ri{tc-d . A8,
Residual . 5.

U e e GO B
G LS =1 0D 00 o 3

On many soils the rate of soil movement is slow at the beginning,
but it accelerates as the surface crust is worn through and o weakly
consolidated soil beneath it is exposed to the wind (18, 16). The
nature of the surface crust and its relation to crosion by wind perhaps
can be interpreted best from its appearance as it is destroyed by
abrasion with dune sand (fig. 12). The surface crust was completely

Ficure 12.—Burface crusé on etay soil partly destroyed by abrasion with dunc
sand for 5 minutes with 1 wind veloeity of 28 miles per hour at 12-inch height.
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stable under the same wind of 28 miles per hour without the abrader.

Order of mechanical stabilify—Susceptibility of the soil to abrasion
hy impacts from windborne soil material varies inversely with its
mechanical stability (fig. 8. The order of mechanical stability from
highest to lowest, and hence the order of abradability from lowest to
highest, for the different structural units in a dryv state are as follows:
(1) Water-stable aggregates, (2) secondary aggregates or clods, {3)
surface crust, and {4) hine materials among the clods cemonted to-
gether and to the clods after the soil has been wetted and dried.  The
last of the structural units at some depth below the surface may possess
mechanteal stability approaching that of clods.

Mechanical stability tends to reduce wingd erosion by resisting the
breakdown of nonerodible units lo smaller erodible particles.  The
breakdoewn in the field is caused by two groups of conunonly oceusring
agenis: (1) Mechanieal agents such as Ullnge muchinery, and (2)
abrasive getion of windborne soil material,

RELATIVE INFLUENCE OF STATE OF STRUC-
TURE AND OF STABILITY OF STRUCTURE
ON ERODIBILITY BY WIND

Erodibility of the soil is dependent (1) to some degree on size, shape,
and density of the structural units, and (2) to somne degree on the
mechanieal stability of the structural units.  The first may be re-
ferved to as the state of structure and the latter as the stability of
structure. Both phases of strueture are measurable by clutriation,
dey sieving, and repeated dry sioving (13).  The relative importance
of the state and stability of dry structure with respect to erodibility
by wind varies with the area of the lield, the roughness of the surface,
and many other factors.  If the nrea of the field 1s small, the amount
of ahrasion {rom crosion is small and crodibility of the field is deter-
mined primariiy by the state ol structure, or specifically by the
proportion of discrete particles small enough to be moved by wind.
IT on the other hand the field is large, mechanical stability of the
struetural units is thie more important factor.  In such case, il the soil
structurnl unit iacks mechanieal stabilify, the presence of even a
small quantity of loose, crodible materal on the surface 15 usually
sufficient for substantial disintegration of the struetural units by
abrasion lrom windborme material and lor consequent intense erosion
of the loosely cementerd soil (13},

The relative importance of the state and stability of structure of
diff erent soils 18 shown in table 6, based on wind-tuniel tests. A
surface crust formed by spraying the soil with water followed by dryving
(condition b) reduced greatly the quantity of soil matertal eroded by
wind, Iewever, when the soil was subjected fo tmpacts of sail
particles blown m from the outside (condition ¢}, the crust scon was
worn through and the rate of soll removal was increased considerably
and continued ns long as the stream ol sand passed over the soil. The
amounts of crosion oceurring under condition It are comparable to
those obtained m sinnll, isolited fields where abmsion is limited; the
amounts of erosion oeeurring under condition ¢, on the other hand, are
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applicable to those on the leeward sides of large, open fields where the
intensity of nbrasion from croded partieles is relatively great.

TaBLE 6.— The influence of state of structure and stability of soil structure
on erodibility by wind

Degree of | Amount or riute of seoil crosion '—

Clods cenienta-

0.5 mm. ! tion ] :

Soil elass equivalent - betwepsn H 1

diumeter - the elods | Condit.on | Condition © ('ondition
©after con- Y b ! o

. zolidation !

i Pons per

. Tans per | Tons per | acre per

Pereent Foreent tere® 1 qere? minnte

3.8 i7. 0 3 a4 HERRY
=y 98, 1.

L 273 2

L1 17. 4 g

Sandy loam

Siit loam 42
Bitty clay loam____. iq2
lyeae oo el 12

+

: .2 h G
-3 &4

i 3.4 114}

t Condittons:
a— Exposare to wind of wellanixed, lonse, and dry soils.
b—Exposure to wind after consoliduling the soil by spraying with 1 inch of
water and dryving,
c—Exposure to wind and a streamn of windborne sand after consolidating the
sofl, Rate of sund flow was 1,000 griuns per minule per 8-inch width,
2 Until movement ceased,

SEASONAL VARTATIONS IN CLODDINESS,
MECHANICAL STABILITY, AND ERODIBILITY
BY WIND

Biological activities and alternating wetting and drying and
freezing and thawing appear to have s strong influenee on the struc-
tural conditions and erodibility of soil by wind. The structural con-
ditions and crodibility fluctuate in aceordance with the varying in-
fluences of the seasons.

Soil cloddiness and mechanical stability of clods are deereased and
erodibility increased in winter in eases where the soil is moistened at
least occasionally (fig. 13). Also, the changes are greatest at or near
the surface of the ground and least, if any, at a 6-inch depth {table 7).
A vistble change in cloddiness of moist soils fron: fall to spring is shown
in figure 14.

Trrespective of the seasonal variations in structure and erodibility
of soil at and near the surface of the ground, the degree of cloddiness
and mechanical stability of clods increases and erodibility by wind
decreases with depth in all soils (figs. 15 and 16). Cloddiness and
mechanical stability of clods also increase and erodibility decreases
with the fineness of soil texture; that is, a soil with percentage of
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Frauvrs 13.—8eagonal fluctuation in dry soil structure and erodibility by wind:
a, Percentage of dry clods 2> 0.84 mm. in diameter; b, percentige of meehaniecal
stabhility of dry clods; and ¢, erodibility in hundredweights per acre.  All
measurentenis were based on soil from surfuce to 1-inch depeh.

n
o

‘Parcentoge or hundredweights par ocre

clay up to 20 to 28 percent, depending on the nature of the clay (17,
18). Increases in clay bevond these pereentages decrense cloddiness
and degree of cementation between the clods, increase the erodibility
by wind, hut continue o increase the mechanical stability of the clods.

TanLr 7.--fuflucnce of seasons on some phases of sl structure end
erodibility al varivus lepths

[Averages for Cass lonm during a 3-vear period al Manhattan, Kans]

) Amount
. (Mods . Mechanieal  eraded in
Depth (inches) Season >0.84 stabilicy . tunnel
min. of ¢lods until
moveimnent
[ e

Pereent - Poreeni : Tons per acre
;i G35. 0 - 87.8 . 0. -

Spring ) 4, 27

T ) R | TI.¢ 87.8 i
“Eipring,“__..,_----_g 381 - S0, ¢

JFall 8i). : 38.8

. Spring. - "u.a LG

72

L. :

..}
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Frovre 16, Mechanical swahility of clods of various soil clussges at differeat
depths,

Increased cloddiness and mechanical stabilily of clods with depth
are due partly to an inerease in the finencss of soil texture and partly
(o degree of soil compaction. Some types of tillage tend to bring up
cloddy soil from lower depths and thereby reduce erodibility by wind.
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The effects of tillage are temporary, beeause the forces of the weather,
especially freezing and thawing of moist soil during the winter, tend
to break the clods to sizes small enough to be moved by wind. But
as the clods at the surface are broken down, clods below the surface
are being formed. Hence, repealed tillage of & proper tvpe is useful
in maintaining & cloddy surface indefinitely., The degree of cloddiness
that can be maintained varies with the nature of the soil and with
the depth and nature of Lillage.

ESTIMATING ERODIBILITY BY WIND

The description of the relationships between the varicus soil
structural factors and erodibility by wind indicates generally what
constitutes an erodible and » nonerodible soil.  Atlempls have been
made to estimate soil erodibility from these velationships {4, 12, 22).
Factors recognized in the estimates were the proportion of crodible
fractions in velation Lo the deag veloeity of the wind, the volume of
nonerodible fractions, and the mean weighted equivalent diameter of
the erodible units.  They are by no menns all the factors that influence
erodibility. The relationship belween the various phases of soil
structure and erodibility is complicated and varied. However, &
method of estimating the relative crodibility must be reasonably
simpie if it is (o be practical, The two most important criteria of
resistance of soil Lo crosion by wind are soil cloddiness and mechanienl
stahility of clods and surface crust.

The dividing line between erodible and nonerodible fractions for
mincral soils is about 0.84 mm,, one of the sizes of square sieve openings
in a sieve series proposed in 1919 by the United States Bureau of
Standards. A curve based on wind-tunne] tests expressing an average
relationship between the quantity of soil eroded when dry and (he
proportion of clods greater than 0.84 mm., as determined by dry siev-
ing, is shown in figure 17, This figure is based on two groups of meas-
urements reported previously {18, 23). The quantities of erosion are
based on (1) a soil surface leveled by hand over which the roughness
varies somewhat, depending on the size of Lhe soil aggregates; (2)
& soll that is loose, uniformiy mixed, and free from orgnnic residues;
(3) a soil that is thoroughly air-dried; (4) o 5-foot length of the ex-
posed soil area; (5) & drag velocity of G1 em. per seeond; and (8) a
wind {ree from gusts and blowing from one direction. A change in
any of the listed conditions would have produced a change in the
quantity of croded soil.  The quantilies of eroded soil indiente the
quantities removed before movement ceased.  They indicate he
quantitics removabie under some definile wind blowing from onc
direction. Beeause of the short length of the exposed area, abrasion
by impaets from saltation that commonly oceur in the feold was
almost absent. The quantities of soil crodible in the wine tunnel
may be expected, therefore, to be substantiadly lower than the quanti-
ties in ihe open field. Nevertheless, the basis that determines the
refative degree of erosion from field areas and (rom simall areas in the
tunnel is apparently the sume, This basis 1s the quantity of crodible
fractions removable from the surface of the soil by the wind.
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Fravre 17, - Relabion betweon soil crodibility based on wind tunecl lests and
pereeniage of clods greater than 0.84 nun, in diameter in various soil classos,

Many factors, not all of which ure associnted with eradibility of
soil by wind, influence the amount of crosion. Beeause of this, it
seems best Lo express the erodibility in dimensionless form appli-
cable to any set of conditions other than those of the soil itself. A
convenient way ol expressing erodibility on a dimensionless basis is
by erodibility index £, This index is equal Lo Xo/ Xy, in which X, is the
quantity eroded when the soil contains 80 percent of clods greator
than 0.84 nun. and G is the quantity eroded under the sume set of
conditions from soil containing uny other proportion of clods greater
than 0.84 mm. in dinmeter. T'his is essentially the same as erodibility
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r(i)
PRI
2(F) is the quantity of soil croded and #(/)n is the quantity of soil
eroded under the same sel of ronditions when the soil contains 70
pereent of dry fractions less than 0.84 mn. in diameter, For any given
soil the value of the eradibility index £ will be about the same, irre-
speetive of which wind tunnel is used in determining the erodibility.
The relationship of erodibility index 7 1o soil cloddiness as determined
by dry sieving is shown in figure 17. "Fhe curve drawn through the
avernge of individual measurement in figure 17 can be used o estimale
approximatiely the erodibility index bnsed on the pereentage weight
of clods greater than 0.84 mm. in the sotl; do not consuler, for the
present, the wfhience due (o differences in mechanieal siability of
the clods,

Some idea of the degree of error thal is pessible in erodibility index
estimated from the pereentage of clods greater than .84 mm, can
be obtained by observing the magnitude of deviation of determined
values of credibility [rom the average curve shown in ligure 17,
Major sources of possible error in 'mdrblllt\' inelex (bllllll({'tl from
the percentage of elods greater than 0.84 mm, are as lollows

(1} The order of crodibility on any group of related soils is usually
thie snme, irrespeclive of the drag veloeity to whieh they are snbjected.
On widely dilferent soils ihe order might be reversed with o change of
drag velocity, That is especially true when comparisons are made of
extremsely di fferent soils, such as » line sandy seil conkaining o prepon-
dernnee of highly eradible fractions and a clny soil coulzumuw o large
])Il}|)t}111011 ol semicrodible fractions.

(2} Erodibility is based on volume of nonerodible ¢lods and not
on weight, as determined lor soils shown in figure 17, 11 the bulk
density of the clods and the erodible Traetions are the same, either
the pereentage volume or the pereentage weight ean be used with
cqual efleer. However, if the two Nactions have dilferent densities,
some error in the estimation may be expecled.

(3} Dilfererices in the size of clods have considerable influence on
m'ndil)ility, but no distinetion of size distribution of clods is made
in figure 17, Clods 0.84 to 6.4 mnoe in dinmeter, For example, are
tronmull\ more Lhan (wiee as effective in wdmmg erogion as c¢lods
8.4 to 40 mm. in dinmefer (/0).

(4} Erodibility is based on the equivadent dinmeter distribution
of the eredible particles, nol just on Lheir proportion to the totnl
weight of the soil.  Determining the equivalent dinmeter distribution
and estim: iting its influence on erodibility are quite Inberious, however,
and these caleulations are probably not justified for the dw:ec of
relinement that will be obtained in the method ol eslimation.

A more exuct, though more luborious, syvsten of estinwting erodi-
hility of none rusted evltivated soils is given in . separnte puhllt ation
(12).

A surface erust is invariahly formed when the soil 1s welted by rin
and dried.  The crust varies greally in its resistance to crosion by
wind, depending on the nature of the rain and the soil and the quan-
Lity of vegetalive eover on the surface.  Erodibility of a loose, freshly
cuftivated soil is usually reduced when the soil is wetted by rain and
dried (Iable 6). In Like manuer, erodibility is generally increased when

index J used in previous publiendions (22, 33): [=10— in which

®
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the surface crust is destroved, such as by abrasion [rom windborne
materils. The surface erust is usually so weak it has vietwally no
influence on the size distribution of dry aggregates determined by dry
sieving., The average vatio of crodibility of a crusted soil o crodibility
of & noncrusted soil is about 1:6 (table 6). This ratio is in genoral
agreement with that oblained on a large number of soils in a crusted
and noncrusied condition reported i a previous publication (5).

If it is assumed that values of evodibility index 7 apply to loose,
notcrusted soils ns on {reshly cudtivated fields, the relative erodi-
bility of soil whose surfuce is complotoly covered with a surface crust
and has the sune degree of claddiness is about one-sixth 7. Com-
plete surface erusting usually oceurs when o eultivated soil is first
wetted and dried and before any erosion has taken place.  However,
there are all sorts of conditions of the surface crust betwoen these
two extremes, depending prineipally on soil texture and consequent
erosional intensity since the last tillage operation.  No manual or
mechanieal method has been devised on how to measure the degreo
of development of the surface const. The only method wvailable at
tie present Ume is based on a visual observation of the proportion
of the original crast still remaining after weathering and crosion.

By taking cognizanee of the usually variable status of the surface
erust, the relative soil evedibility /27 at the time the estimalion is
aude nay be expressed by

Jo= (1= bty (i

where (7is the pereentage of the surface crust remaining after weath-
ering and crosion and & is cqual to 000833,

Comparison of Estimated Erodibility With Natural
Erodibility

Bixty-nine sitos, representing as many fields, in weslern Kansas and
rastern Clolorado were chosen in 1954, 1955, and 1956 for the puepose
of checking Lhe validity of estimations of wind crodibility of soils in
the spring, hased on wind-tunnel tests. The guantity of natural
crosion on each site was estimated visually, as shown i table 8.

The avernge erodibility compuated from soil cloddiness, quantity of
crop residue, wnd surfaee roughness in aecordance with the previousty
deseribed method (22) and the avernge quantities of nstural crosion
on three major groups of soil are shown o table 9. AL the boginning
of the spring season the order and the relative magnitude of computed
and nutwral cradibilitcy of the fields on different soif classes were about
the same. Soil eloddiness, erop residues, and surface reugtiness changed
itite from the beginning 1o the end of the season,  Fowever, (he
natural amount of erosion inereased greatly on fine sand and loamy
fine sand, constderably on fine sandy lonnr, und only slightly on sill
loam and silty ety loam soils as the season of high wind croston came
to an end. The sands were most susceptible to the abrasive aclion of
witdblown soil muterial.  The surfuee crust and clods on this soil
elass weee most fragite and disintegrated readily under abrasion. Next
i order of resistance to abrasion were the leamy sands, then came the
sandy loams, and then the lonms, silt loams, and silty clay loams.
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TasLE 8.—Visual estimation of soil erodibility and of erodibility based
on wind-tunnel tests from quantity of vatural erogion in Kensas and
Colorade, 195456
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Eradibility
bused on wind

Treseriplion of erosion
tunnel tests (23)

Quantity of erosion

Tons per acre

Insignificant; no visible effeets of soil
moverenl.

Soil removal down o ¥ ineh, not sufli-
cient to kill wheat.

Removal and associnted aceuinulations
34 1o M ineh deop, suflicient to kilE wheat.

- Lo t-ineh removal and associalod ae-
cutnuladions.

1- to 2-inch removal and associnled ae-
cninulations.

Greater than 2-inch removal with appre-
cinble done formalion.

Noneooo____._...
Blight

Muoderate

High

Very high

Fxceedingly high. . _

The latler group of soils, which constitute most of the “hardlands.”
is probably the most resistant Lo the abrasive action of wind erosion.
Their resistance is due 1o case with which silty elay loams are dis-
persed by water and their tendeney to form a wind-resistant surface
crust alter they are wetted and dried.  The relative amount of natural
crosion increased over the computed amount inversely with the fine-
ness of soil toxture up to silty clay loam.  Clays were not availabie
for this study, but previous studies (75, 18) have indicated them to he
about equnl o fine sandy loam with respect 1o degree of cementalion
nnmong the clods al abeadability of the surfaee crust,

Tanne Q.— Compuled erodibility and quaniitics of naturel erosion ovn 3
meajor groups of sodl in Kanses and Colorade, 195450
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These results showed that erosion once “broken loose” on sandy
soils tended to destiroy the surfaee erust and made the soil more erod-
ible as the season progressed.  Erosion on hardlands, on the other
hand, was kept in check by Himited quantities of loose seil material
available on the surface of the ground and the limited effect of the
toose materinl on the staius of the surface crust. Toward the end of
the season, therefore, the relative cunmmlated quuntity of crosion varied
from that obtainable on a fully crusted surface 10 that on o loose,
noncrusted surface, depending on the mochanieal stability of the
surface erust and ¢ lods 1T the soit had no surfaee erust, as in a freshly
eultivated lield, the guantities of natural crosion of the order of 7
applied. T on the other hand, the soil surface was complelely crusted,
quantities of crosion were on the order of about one-sixth [, th(\wb\'
confirming previous results on the relative influence of crusting us
determined by wind-tunnel tests.

Results obtained with portable wind-tunnel tests in wostorn Texas
and other loeations (22, 23) further confirmed the importance of soil
surfaee erusting and mechanical stability of dev setl strueture on erod-
ibility by wind.  The Texns tests were conducied on fickls. some of
whieh were hughly eroded by preceding winds,  The soil surfaces on
fine sanuds el lonmy fine sands were loose and noncrusted, those on
fine sandy loams were generally parcily erusted, and these on silt
fonms and =ity elay lonms were highly erusted.  Soil erodibility
hased on wind-tunnel tests was therefore five-sixths £ for fine sands
awd lonmy fine sands, about one-half { for fine sandy loams, and about
one-gsixth / [or silt lonms ad =iy elay loams, other condilions re-
maining the same.  In other tests where many of the sandy fields
were not influenced by erosion and which therefore had » consides ably
developed surfaec erust (223, the eradibility index was one-half 7
for snndy soils and one-sixth 7 for the finer textured soils,

Estimating Potential Erodibility

Tt is important to consider the magnitnde of erosion that is likely
to oeenr on soils of different textures und cloddiness if weather condi-
tions become suel us to make erosion possible.  Erosion by wind has
aceurred 1 substantial parts of the sonthern Great Plains, 1952-58,
nelusive,  Under eonditions of considersble erosion the fine sands
anel loamy oe sands lad the surface crust and suefaee elods mainly
destroyed and the quantities of erosion weee of the order of 71 crop
reaidue and surfaee roughness renmined the same, On silt lonms amd
sty elay loams the surefaee erust and sucface elods mainly were
preserved, and the relasive amounts of erosion were more on the
lovel of one-sixth £. Other soils had the relative amounts of erosion
somewhere between these two extremes.

The soil textural elass serves as an bulex of resistance of clods and
surfice crust to disintegration by crosional abirasion, whieh is a
contributing factor influencing the smount of natural erosion if and
when it occurs. The potentind erodibility ean be determined from
the generalized alinement chart of a previons publication (22), if the
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erodibility obtained from that ¢hart is multiplied by & factor depending
on soil textural class as {ollows:

Soil textural class: Fuclor
Fine sand G
Fine loamy sand 4
Fine sandy loam and clay {exeept saline clay) 2
Loam, silt loam, clay loam, or silty clay loam l

The ecrodibility values are indexes of crodibility of the soil surfaces
andl not the actusl gquantitics eradible under field conditions.
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