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Erosion of the soil by wind is influenced by numerous factars, Many useful
methods of wind-crosion control have been devised through recognition of
the importance of these factors in field experiments. Though such experiments
have markedly increased our knowledge on how to hold the soil, they have not
contributed appreciably to our knowledge of what constitutes an erodible or a
nonerodible soil or of why some soils are more susceptible to erosion than cthers,
Differences in erodibility suggest that inherent soil properties and properties
brought about by cultivation and accelerated erosion play an important role,

To obtain more specific answers to these problems a series of experiments was
undertaken. The first of the studies was conducted to gain more adequate in-
formation on the generally recognized but little understood relationship between
erodibility of soils and their physical structure. A part of the results of these
gtudies is herein reported. Another group of experiments was undertaken to
evaluate the effects of various physical and chemical factors on the erodibility
by wind.

SCOPE OF THE PROBLIM

Wind erosion is dependent directly on the physical condition of the soil. Only
goils in a dry staie are moved by wind; netther wet nor damp soils are affected
appreciably. Thestructure of a soil inan air-dry state is, therefore, a more reliable
index of erodibility than its structure in a wet state. The water-stable structure
relates to erodibility; yvet it is but one of many factors that determine the dry
clod structure and erodibility (4).

Changes in dry clod structure which consequently affect the resistance of the
soil to wind action are brought about by various field practices and environ-
mental conditions. The more important of these are climatic and weather condi-
tions (8), type of tillage and seeding implements employed (5, 12), soil moisture
conditions at the time of tillage {14), and kinds of crops grown {10). Several
attempts have been made to determine the erodibility of soils from the dry ag-
gregate soil structure produced by various tillage and cropping treatments in

1 Contribution No. 410 from the depariment of agronomy, Kansas Agrieultursl Experi-
ment Station, Manhattan, Kansas, and the Soil Conservation Service, U. 8. Department of
Agriculture. Cooperative investigntions on the mechanics of wind eroston.

2 Professor of soils, Kansas Agricultural Experiment Station, and eooperative agent,
Boil Conservation Service, Manhattan, Kansas. Aeknowledpment is made to A. W. Zingg,
project supervisor, and Dorothy Russ, agricultural aid, for suggestions and assistance in
this work.
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the field (3, 13). A few attempts have been made to measure the relative erodi-
hility directly by subjecting the soil te an artificial wind (9, 11).2

The relationship between soil strueture and erodibility by wind is intricate.
Neovertheless, gome atiempts have been made to derive a formula simple enough
for eonvenient use as a measuring stick of the erodibility of soils under various
treatments in the field (3, 13). These measurements have been very useful but
hardly adequate. A practical solution of the problem is needed for application
in the field. Until this relationship ig thoroughly understood and adequately
expressed, it will be impossible to evaluate the importance of the different physi-
cal and chemical factors that affect the erodibility of the soil by wind.

The evaluation of the various factors that affect erodibility by wind falls
logically into the second phase of the study. The literature reveals little study
devoted to this relationship. Hardt (6) conclyded from his investigations on
soils in Bavaria that calcium carbonate is the chief factor responsible for erosion
by wind, but that neither the size of grains nor the nature and amount of humus
have any appreciable effect on erodibility. Hopkins (7) observed that soils high
in ealeium carbonate and in organic matter drifted badly in past years in Canada.
He conecluded that the fineness of s0il structure is connected with the problem.
Bradfield (1) affirmed that lime and organic matter do not in themselves ensure
a good strueture, such ag is usually found in virgin soils, and concluded that much
is yet to be learned coneerning so0il structure and the factors that affect it.

A series of investigations had been undertaken previously to find the relation-
ship between soil structure and erodibility by wind (2, 3, 4). A graphical solution,
based on experiments in a wind tunnel, was derived from these studies. This
solution expressed the relationship between clod structure and erodibility. Be-
cause of the large number of constants that were found necessary to this ap-
proach, the formulas were too complicated for extensive use as a measure of
erodibility of different soils. Consequently, an attempt was made to condenss
these into one simplified form applicable to the average effeet of the most common
erogive wind veloeities. Experimental teste proved that the simphfied form was
valid within specific limits on a variety of soils of Western Canada (3).

Some important eonsiderations pertaining to this problera have not been
ineluded in previous studies. One of these is a basic interpretation of the rela-
tionship between clod structure and erodibility by wind. The results of this study
are presented herewith.

PROCEDURE

The soil materials used in this study were dune sand composed mainly of
quartz grains, an alluvial fine sandy loam, a loessal silt loam, and an alluvia}
clay. They were thoroughly dried, passed through 4 nest of sieves, and stored in
air-tight containers for use ag required. To derive a simpler expression of ero-

* Joy, . C. Annual report on wind erosion investigations in South Dakota. 8. Dak, Agr.
Exp. Sta. and U. 8. Soil Conserv. Serv. [Unpublished]. 1941.

Kueinski, K. Home properties of wind blown soils of Massachusetts. [Unpublished
master’s thesis. Copy on file Mngs. Agr. Exp. Sta., Amherst.] 1946,
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dibility than was possible in previous experiments (2), the limits of size of some
fractions were broadened. The number of fraclions was thus reduced from six {0
four. These were as follows:

Fraction A—T¥ighly erodible, <0.42 mm. in diameter.
Fraction B—Difficulty erodible, 0.42 to 0.84 mm. in diameter.
Fruction C—Nonerodible, 0.84 to 6.4 mm. in diameter.
Fraction D—Nonerodible, >6.4 mm. in diameter.

To test the erodibility of the soil materinls, use was made of a closed-circuit
type wind tunnel deseribed previously (15). The tests were made under wind
velocities of 18 and 25 miles per hour at a 6-inch heighi. These velocities are
baged on air with a density of 0.075 pound per cubic foot. An 18-mile-per-hour
wind at a 6-inch height corresponds to 2 moderately erosive wind occurring com-
monly on the High Plains. A 25-mile-per-hour wind is infrequent, hut the damage
that occurs to soils on such ovcasions far exceeds that for lower velocities. The
velocity of the wind was measured with a Pitot tube directly above the leeward
end of the soil sample being tested and at various heights up to 6 inches. Velocities
up to this height conformed to a definite pattern described previously for a
position 48 feet downwind of the tunnel (15). The soil samples were exposed in a
trough 5 feet long, 8 inches wide, and 2 inches high. The irough had open ends.
Tt was placed in the downwind part of and parallel to the length of the test
chamber. The remaining fioor area of the test chamber, which was 54 feet long,
3 feet wide, and 3 feet high, was covered with nonerodible gravel 2.0 to 6.4 mm.
in diameter. The gravel was smoothened or roughened as necessary to produce
a surface roughness stmilar 10 that of the soil. The surface of the soil was leveled
by hand in a layer 1.5 to 2.0 inches thick. Surface roughness and the thiekness
of the layer varied somewhat, depending on the size of the aggregates used. The
trough was mounted on supports which eould be raised or lowered to maintain
the soil surface on the same level ag that of the surrounding gravel.

The amount of soil erodible under a definite wind velocity was determined by
weighing the material before exposure to the wind and after soil movement had
ceased. A slight amount of dust eireulated through the tunnel, but it was too
fine to settle on the soil or to cause abrasion. During the course of the experi-
ments temperature ranged from 70° to 85° ¥. and barometric pressure from 720
to 760 mm. of Hg. These variations do not appreciably affect the erostonal force
of the wind.

Measurements were also made of the average roughness of the surface before
and after exposure to the wind. The roughness was measured by determining
the height and the number of projections per unit area of ground.

RESULTS

In all soils containing erodible and nonerodible fractions the amount of soil
removed under an erosive wind foree was limited by the height and the number
of nonerodible fractions that were exposed on the surface by the wind. On these
soils, unaflected by encroachment of erodible material from the outside, the
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removal of the soil material continued until the height of the nonerodible pro-
jections and their number per unit area were increased to a degree that completely

Fig. 1. ArpBanance oF Siur Loam Sotu Comrosep or 92 Per CENT oF FRACTION A AND
& Per Cent or Fracrion C, (ror) Berore Exrosure To WInD, (moTroM)
Arrer Exrosure Unrin Born Removan Craseo

Wind veloeity 18 miles per hour at a 6-inch height; wind direction left to right.

sheltered the erodible fractions from the wind. Movement then ceased (fig. 1).
The time required for movement to cease ranged from about 0.5 to slightly more
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than 1 hour, depending on the structural condition of the soil (fig. 2). Two aspects
of structure influenced the rate of removal: first, the smaller the size of the non-
erodible clods present in the soil, the higher was the initial rate of removal and
the ghorter the time required for movement to cease; second, the larger the ratio
of erodible to nonerodible fractions contained in the soil, the higher was the
initial rate of soil removal and the longer was the time required for movement
to cease.

If the soil contained a large proportion of erodible fractions, few nonerodible
clods per unit area of ground became exposed by the wind. The nonerodible
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clods under guch condition reached a very considerable height when soil removal
ceased. If, on the other hand, the soil contained a small proportion of erodible
fractions, large numbers of nonerodible clods were readily exposed by the wind.
Removal of erodible fractions was thus restricted, and the height of the non-
erodible projections reached when soil movement ceased was relatively low.
One important prineiple was clearly manifested in these experiments. At a
stage when soil removal eeased, the height of the nonerodible projections divided
by the distance between projections! remained constant for any proportion of
erodible to nonerodible fractions present in the soil (fig. 3). This constant may be
designated the crifical surface-roughness constant, The constant may be defined
as the ratio of height of nonerodible surface projections to distance between the
projections which will barely prevent the movement of erodible soil fractions by
the wind. The constant varied with wind velocity and with the size and gpecifie

. R . 1 . '
1 Distanee between projections is equal to& where N iz the number of projections per

unit area.
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gravity of the erodible fractions, but remained the same for the whole range of
size and proportion (by volume) of nonerodible elods.

The critical surface-roughness constant reveals the basis for the peculiar re-
lationship that exists between erodibility by wind and the structural condition of
a cultivated soil. To examine this relationship more closely, let us take as ex-
amples two samples of soil: one, a highly erodible soil containing a ratio of 9
parts erodible to 1 part nonerodible fraction; the other, a wind-resistant soil
having & ratio of 1 erodible to 1 nonerodible fraction. The relative distribution
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{2) Bandy loam, silt loam, and elay, fraction A with C and A with D; (b) silt loam, B
with C and B with ID; (e) silt loam, A with C and A with D; (d) sandy loam, B with C and
B with D; {e) quartz sand, B with C and B with D). Wind velocity for (2), (b), (d), and (&)
wns 25 m.p.h. and for {¢) 18 m.p.h. at 6-inch height.

of the two fractions in each goil is represented diagrammatically and to approxi-
mate scale in figure 4, In the ¢ross-sectional diagram the nonerodible fractions
are represented by rough circles, indieating approximate spheres. The level of
the bed hefore the wind was applied is indicated by a continuous line. The erodible
fractions occupy the blank spaces between the cireles and below the line. The
volume V of a nonercdible fraction, assumed to be a sphere, is equal to 1§ = d®,
where d is the diameter of the fraction. The average distance from the center of
one nonerodible fraction in the soil to the center of the next along a horizontal
or vertical plane is represented by X. Distance X is equal to v/V(B 4 1)
where I is the ratio of erodible to nonerodible fractions contained in the soil.
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Under a highly erosive wind velocity (25 miles per hour at 6-inch height) re-
movsl of erodible fractions continued until the surface was lowered to the dotted
line in figure 4, By drawing a straight line from the peak of one projection to the
new surface at the base of the next projection to leeward, the angle to the hori-
rontal varied from 4° to 12° depending on the size and apparent specific gravity
of the erodible soil fractions.

Where the diameter of the nonerodible fractions was smaller than the height
of the projections required to shelter the erodible bed, the descending grams

Ratis of erodible 10 nonerodible
{fractiong 9:1
Original surface

Stabillzed surface

Angie of grain impoct

Ratie of erodible fo manerodible
fractions k:l Criginal stable surface,

virtually no erosion

angle of grain
impact

F1a. 4. DissravMATIC REPRESENTATION OF AMOUNTS OF EROSION WITH Tw0 DIFFERENT
PrororRTIONS OF ERODIBLE TO NONERODIBLE FRACTIONS
Cross-sectional view through the maximum dismeter of the nonerodible fractions.

struck the erodible bed and caused a rapid removal of the erodible particles.
Under such conditions the nonerodible fractions (mainly fraction C) were un-
dermined by removal of erodible particles from below them and slid to a lower
level, This process continued until a sufficient number of noneradible fractions
were exposcd by the wind to stop removal of the soil. The depth of the erodible
layer was thus limited by the critical height and frequency of the nonerodible
fractions that were exposed at the surface by the wind.

Observations of the surface conditions produced by wind on various soils
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k. Weight of ponerodible
fractions exposed by
eroaion (1.64)}

gm.feg.em. | 0.0443] 0,025

m. Weight of erodible frac-
tions removed by ero-
sion(b k K)..gm./sg.cm. | 0.842 | 0.229

n. Weight of erodiblefrac-
tions removed by ero-
sion (4.8l m)..tona/A 37.6 10,2

0. Weight actually eroded
in test tunmel. .tonefd, [35.7 115.6
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® Determination of the volume of projections is based on the assumption that the nonerodible fractions which form the projections are spherical, average radius {r}) being 0.18 em. for fraction C snd 1.1i cm,
for fraction D, Fraction C was, in fact, neariy spherical, but fracticn D was very angular; hence, s shape coefficient K, 1.0 far fraction C and 0.8 for fraction Iy, is applied.

t 8pevifie gravity of C and D = 1B,
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served as a basis for interpreting the relationship between the dry aggregate
structure and erodibility. The data obtained (fig. 3) indicated that the ratio of
the height of projections fo the distance between them on a surface stabilized by
wind wag constant for any proportion and any size of the nonerodible fractions
contained in the soil. The volume of the projections per unit ares of ground, how-
ever, was not constant under any condition. In the great majority of cases the
volume varied but little where the size of the nonerodible fractions remained the
same. The extreme variation in volume occurred for mixtures of fractiong A and
C on loam soil. For these mixtures the maximum deviation from the average
volume was 22 per cent, In most cases, however, this deviation did not exceed
5 per cent (fig. 3). )

The height and number of nonerodible projections that existed on the soil sur-
face before exposure to the wind had an important bearing on erodibility. Under
uniform soil treatment, the height and number of surface projections increased
with the concentration of nonerodible fractions contained in the soil. They varied
also with the size of the nonerodible fractions (table 1). With relatively low con-
centrations of nonerodible fractions the surface was virtually devoid of any pro-
jections. Erosion by wind continued rapidly until a comparatively great depth
of 20il had been removed. With high concentrations of nonerodible fractions, on
the other hand, the fine particles tended to sift downward among the coarger
fractions, thereby forming a relatively rough surface composed predominantly of
nonerodible clods. Consequently, the amount of eroston under such conditions
was very small or none at all. When interpreting the effect of the height and
number of surface projections on the erodibility by wind, it was necessary,
therefore, to take cognizance of the volume of projections that occurred on the
surface before, as well as after, exposure to the wind.

Observations on the actual surface roughness before and after exposure to the
wind were recorded under different wind velocities, and these served as a basis
of a mathematical interpretation of the relationship of soil gtructure to erodibility
by wind. The volume of surface projections before exposure subtracted from the
volume after the surface was stabilized by wind indieated the volume of the non-
erodible fractions that was expozed by the wind. This volume multiplied by the
ratio of erodible to nonerodible fractions contained in the soil indicated the
volume of erodible fractions removable by wind (table 1). A ¢comparison of these
computed amounts with the actual amounts eroded in the wind tunnel showed a
high degree of agreement between the two. The dominant principle which governs
the erodibility of cultivated soils is evidently based on the height and number of
nonerodible projections existing on the surface before exposure {o the wind and
on the eritical surface-roughness constant of a stabilized soil. This principle can
be expressed by an equation:

g = KRO. (Vy — V1)

where ¢ is the amount of soil erodible by wind; Ty is the volume of the nonerodible
projections existing at the surface before exposure, assuming projections are
dome shaped; V, is the volume of sueh projections after soil movement has
ceased; O, is the density of the projecting units; R is the ratio of erodible to non-
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erodible fractions contained in the soil; and K is a coefficient the value of which
depends on the actual shape of the projecting units.

Vi varied directly with the proportion and size of the nonerodible fractions
contained in the soil. ¥, varied considerably with wind velocity and with size
and apparent specific gravity of erodible and nonerodible fractions (table 1).
On the other hand, it varied little with the ratio of erodible to nonerodible frac-
tions (fig. 3).

Apparent speeific gravity of the highly erodible fraction A had little if any,
influence on the height, number, and volume of surface projections exposed by
wind [fig. 8, curve (a)]. Consequently, it had no appreciable effect on erodibility
(tables 1 and 2). Apparent specific gravity of the semierodible fraction B, on the
other hand, had a great influence on the number and magnitude of surface pro-
jections and on erodibility.

TABLE 2 ‘
Apparent specific gravity of various goil fractions wsed in wind tunnel experiments

AFPARENT SPECIFIC GRAVITY®
0TI, FRACTION DIAMETER
Q““;_;::;d and Sandy loam Silt loam Clay
.
A <0.42 2.65 2.10 1.84 1.66
B 0.42-0.84 2.65 1.72 1.48 1.56
C 0.84-6.4 2.65 1.50 1.45 1.53
D »8.4 — 1.57 1.66 1.58

Weight of volume of soil graina
¢ Apparent specific gravity = 2.65 (Weight of same volume and ﬂize) .
of quartz sand graing
Apparent specific gravity of clods >6.4 mm. was determined by Jiquid displamecent
method after the surface was coated with hot paraffin wax,

The shape of the nonerodible surface projections apparently influenced ap-
preciably the amount of seil moved by wind. In all soils used, fractions C were
spherical or nearly so. An assumption that surface projections composed of
fractions C were sectors of a sphere of a given diameter was apparently valid
(table 1). This assumption did not hold for fractions ID, which were definitely
more angular. If the surface projections composed of ID were assumed to be
sectors of a sphere of a given diameter, the computed erosion valuzes were about
twice the actual values. If, on the other hand, the projections were considered
pyramidal, the computed erosion values were less than half, and if they were
considered cubical more than six times the actual values. The actual shape of D
projections, as indicated by coefficient K, was equivalent to that approxi-
mately half way between a spherical dome and a pyramid.

DISCUSSION AND CONCLUBIONS

For soils containing erodible and nonerodible fractions there is no definite wind
velocity that will perpetuate the movement of soil material. Erosion continues

'
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until the nonercdible clods project sufficiently above the surface to give protection
to the erodible fractions. Movement then ceases. In small fields, such as narrow
strips, under wind of constant velocity blowing from one direetion at right angles
to the strip, the time required for movement to cease is relatively short (approxi-
mately 30 hours for & 20-rod strip). In large fields the time required is so much
longer that soil removal under an erosive wind blowing from one direction does
not cease. Nevertheless, the basis which determines the relative degree of erosion
from small or large fields or from samples placed under an artificial wind in &
tunnel appears to be the same. This basis is the amount of soil per unit area of
surface erodible under some definite wind veloeity. The rate of soil removal is
not at all proportional to the total weight of erodible soil.

The frictional drag of the wind on the erodible particles immediately after goil
removal has ceased is barely below that required to move the particles. The soil
surface at this stage is stable and will remain stable as long as there is no increase
in wind velocity, no change in wind direction, no breakdown of the nonerodible
fractions by the forces of weather, and no ahrasion. If for any reason the height
of the projections is lowered or the distance between the projections is increased,
as by forces of weather, removal of the erodible fractions on the previously stable
soil will be resumed and will continue until the projections have again reached
a height and lateral frequency required to stabilize the soil. At the ultimate stage
of erogion much of the drag of an erosive wind is abaorbed by the nonerodible
clods protruding above the surface of the ground. Only the residual drag, which
is just barely below that required to cause the erosion, is abgorbed by the erodible
fractions.

The amount of soil erodible by wind of some definite velocity is thus limited
by the critical height of and distance between the nonerodible fractions that are
exposed at the surface by the wind. The ratio of height of projections to distance
between projections is designated as the critical surface-roughness consfant.
Under a given wind velocify the crifical surface-roughness constant remains
the same for the whole range of size and proportion of the nonerodible clods. The
eritieal surface-roughness constant required to stabilize the soil varies with other
factors, however, such as wind velocity and size and apparent specifie gravity of
the erodible fractions. These factors, in the aggregate, add considerably to the
complexity of the phenomenon.

The eritical surface-roughness constant determines, in part, the'volume of the
nonerodible projections exposed by wind erosion and, hence, the volume of soil
removable by wind. The volume of the projections required to stabilize the sur-
face under any given wind veloeity and size and apparent specific gravity of the
erodible fractions remains virtually constant throughout the whole range of
proportion of erodible fractions contained in the soil, Congequently the amount
of erosion can be said to vary almost proportionately, other factors being equal,
with the ratio of erodible to nonerodible fractions contained therein.

i The eritical surface-roughness constant sets a limit to the amount of soil that
may be removed by wind, The degree of surface roughness existing on the sur-
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face before exposure to the wind defermines, on the other hand, how much soil
may be removed before the critical roughness is reached. The volume of the
surface projections before exposure is a funetion of =0i! structure. The more non-
erodible fractions contained in the soil, the greater will be the volume of the non-
erodible projections at the surface of the ground and the less the amount of ero-
gion that will occur.

The volume of the surface projections befare exposure to the wind subtracted
from the volume after the surface is stabilized by wind indicates the volume of
the nonerodible fractions exposed by erosion. This volume muyltiplied by the
ratio of erodible to nonerodible fractions contained in the soil gives the actual
volume of eradible fractions removable by the wind. The erosion values thus
determined are approximately the same as the amounts eroded in the wind tun-
nel. The determinations thus present an insight into the general principle—the
principle of surface roughness—that governs the eredibility of cultivated soils.
The principle of surface roughness gives the basis for the peculiar relationship
which exists between scil structure and erodibility by wind. It involves the effect
of three sets of factors all of which relate to the degree of surface roughness.
These factors are: (a) the volume of swrface projections determined at the outset
by the size and proportion of nonerodible elods; (b) the ratio of erodible to non-
erodible fractions contained in the soil; (¢) the size, shape, and apparent specific
gravity of erodible and nonerodible fractions. This paper gives merely an indi-
cation of the effect of these factors on surface roughness and erodibility.

SUMMARY

The amount of soil erodible by wind is limited by the critical height of and
distance between the nonerodible fractions that are exposed at the surface by
the wind. Erosion ceases as soon as this critical stage is reached. The ratio of
height of surface projections to the distance between projections after soil re-
moval has ceased remains constant irrespective of the size and proportion of the
nonerodible clods contained in the soil. The ratio varies with other factors, how-
ever, such as wind velocity and size, shape, and apparent specific gravity of the
eradible fractions. These factors, as a whole, add eonsiderably to the complexity
of the erosional phenomenon,
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