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Influence of Moisture on Erodibility of Soil by Wind'
W. S. CuepnL? .

ABSTRACT

This study was undertaken to determine the general influence
and the specific quantities of moisture that soils nust have to
resist wind,

Erodibility by wind was about the same for soil that was
oven-dried or air-dried in sun or in shade when moisture did not
exceed one-third of thé 15-atmosphere percentage. Beyond this
range of moisture a distinct decrease in erodibility was mani-
fested. Erodibility decreased rather slowly at first, then more
rapidly with each successive increment of moisture added, reach-
ing zero, on the average, at about 15-atmosphere percentage.
Increasing the moisture even slightly above the I5-atmosphere
percentage required a relatively gveat increase in wind velocity
to produce movement of soil,

t was shown that erodibility by wind is a function of the
cohesive force of adsorbed water films suyrounding the soil par-
ticles. Equations were derived indicating the relationships be-
tween cohesive force due to adsorbed water filins, quantity of
adsorbed water, and erodibility by wind.

Dulcmncv of moisture is associated normally with
erosion of soil by wind. Only relatively dry soil
particles are susceptible to movement by wind (7).
Consequently, wind erosion is limited primarily to
arid and semi-arid regions. In humid and sub-humid
regions, on the other f\and, wind crosion occurs much
less frequently and usually aflccts only the soils sub-
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ject to rapid surface drying, such as sandy soils and
dune sands. ‘

Information has been lacking on the general influ-
ence and the specific quantities of moisture various
soils must have (o resist wind. Experiments were un-
dertaken in an attempt to supply some of the necessary
data. This paper presents and analyzes results of one
of the ininal experiments in which dry soils were
moistened by various quantities of water and describes
some physical properties of moisture films and their
effect on erosion by wind,

Experimental Procedure

The soils used in this study were dune sand, Pratt sandy loam,
Baca silt loam, and Sutphen silty clay. They were partly air.
dried, passed through an 0.84-mm. sieve, and lhoro:f ly mixed.
Size-distribution of dry soil particles was determined by sieving
on a rotary sieve. A 15-atmosphere percentage, which corresponds
approximately to percent water at permanent wilting point of
plants, was determined by the method of Richards (12). Each soil
was then subdivided into 8 uniform parts, each weighing about
30 pounds. The first part was dried in an oven at 105°C,, the
second in hot sun, and the third in the shade where temperature
did not exceed 80° F. Water was added in the form of fine mist
10 cach of the other 5 parts until the soil felt barely damp,
modcrately damp, extremely damp, moist, and wet, respectively.
The soil was stirred as the spray was applied. Each part was
then placed in an air-tight container and stored for 4 to 5 weeks,

Measurements of soil crodibility were made in a return-flow
type wind tunnel used regularly at this location. On exposwie to
wind, some absorption of moisture by soil and some soil diying
occurred, dcfcndmg on the rclative amounts of moistwie in the
soil and in the air. To reduce absorption or drying te the mini.
mum, the duration of exposure of a given sample to wind was
limited 10 15 or 30 seconds. This duration of exposure of soils
composcd entirely of erodible particles was sufficient for reason.
ably accurate measurement of crodibility. The soil samples wee
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Table 1.—Soil properties at different levels of equivalent moisture.

Degree dryness or wctness

Cohesion between discrete soil particlu

Equivalent moisture aftcr exposure to wind

Dune Prant Baca Sutphen

quartz sandisandy loam| silt loam | silty clay
Oven-dried at 105°C..............o0e. None, except between minute dust particles 003 |.° 001 0.01 0.01
Air-driedin hotsun......... e None, except between minute dust particles 0.23 0.15 0.25 0.29
Air-dried incoolshade. ............... None, except between minute dust particles 0.31 0.26 0.29 0.32
Barcly damp...... e e Dust clings strongly to Jarger particles 0.39 0.36 0.42 0.43
Modecrately damp.....coovviiienenane. Barely stick together when pressed in hand 0.55 0.54 0.71 0.64
Extremely damp Form a fragile ball when pressed in hand 0.78 1.03 1.0¢4 0.87
MOBBE. o e v ereneenennees Plasticity noticeable, but not in sand 1.17 1.54 1.34 1.06

Table 2.—Additiona) properiies of soils utilized for study.

Equivulcnt moisture  at
Dust | 15-atmos- which erosion rate rcached
Soil <0.05 phere zero
mm. percent-
age 20-mph. | 26-mph. | 32-mph.
wind wind wind
% %
" Dunesand. .. 0.3 1.28 0.93 0.98 1.02
Pratt sandy
loam...... 21.0 3.89 1.00 1.09 1.13
Baca silt Joam | 34.2 11.21 0.99 1.04 1.16
Sutphen silty
ay....... 31 20.M 0.82 0.90 0.97:

exposed to wind having a velocity of about 20, 26, and 32 miles

hour at 6 inches above the surface where velocity measure-
ments were made. Such wind has a velocity of about 38, 49, and
60 miles per hour at 50 feet above the type of soil surface used.
The soils were exposed in trays 5 feet Jong, 8 inches wide, and
h/s inches decp. Eroded soil was caught in a specially designed
soil trap and weighed within 5 seconds after each exposure to
wind. A representative sample of eroded matcrial was taken 1o
determine the moisture content after each exposure. Samples for
the same purpose and down to 14-inch depth also were taken
from soil in the tray. The soil was mixed thoroughly before each

duplicated test.
0il moisture in this paper js expressed by equivalent moisture
w

W which is equal to — where w is the amount of water held
w

in sofl and w’ is the amount of water held by the same soil at
the 15-atmosphere percentage.

Experimental Results .
Erodibility was about the same for soil that was

oven-dried or air-dried in sun or in shade (table 1 and,

figure 1). Beyond this range of moisture a distinct
decrease in erodibility was manifested. Erodibility de-
creased rather slowly at first, then more rapidly with
each successive increment of moisture added. Dust par-
ticles less than 0.05 mm. in diameter began to cling
strongly to the larger soil particles and to each other
when J»e soil felt barely damp (table 1). At this point
the soil failed to produce a cloud of dust when stirred.
The Jarger particles appeared quite free at this mois-
ture content and moved readily with the wind.

A rapid decrcase in crodibility occurred ncar the
15-atmosphere percentage (equivalent moisture equal
10 1). At this stage of moisture the soil felt distinctly
damp and all crodible particles up to 0.84 mm. in
diameter tended to stick to cach other and failed to
separate completely when poured slowly from a con-
tainer. When pressed in the palm of the hand, the soil
particles formed a fragile ball that crumbled readily

as it was presscd between the fingers (table 1). Erodi-
bility reached zero, on the average, at about the 15-
atmosphere percentage (figure 1 and table 2). Above
this point, the soil was moist, plastic, and nonerodible
under the wind velocities used. Increasing the mois-
ture content even slightly above the 15-atmosphere
percentage required a relatively great increase in wind
velocity to produce movement ol soil.

‘The downward swing in erodibility for all three
wind velocities was more gradual for silt loam than for
other soils. This soil had the greatest proportion of
dust particles less than 0.05 mm. in diameter, as indi-
cated by dry sieving (table 2). It is probable that mois-
ture on the dust particles in quantities below the 15-
atmosphere percentage had a greater restraining effect
on erodibility than had the same percentages of mois-
ture associated with the larger grains,

ANALYSIS AND INTERPRETATION OF RESULTS

The soil moisture contents in this investigation range
[rom approximately zero to the 15-atmosphere per-
centage. This moisture is hygroscopic. Baver (3) stated
that at about 15-atmosphere percentage when per-
manent wilting occurs “Water is probably held as a
thin film around the particles at this tension. At least,
any water wedges at the point of contact of the par-
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ticles must be very small. Movement of the water
within the ‘soil takes place in the vapor phase, since
the capillary conductivity is zero.” Briggs (5), Zunker
(18), and Lebedeff (10) described hygroscopic water in
essentially similar terms as water adsorbed on surface
of particles by free surface energy forces. Heat is
cvolved when this water is adsorbed on the surface.
Bouyoucos (4) visualized at least a portion of the hygro-
scopic water as “unfree” water, or that which is held
so tightly to the colloidal particles that it is not readily
frozcn and is only slightly available to plants. Nutting
(11) indicated that "bound” watcr is held against a
silica surface at a minimum pressure of 800 atmos-

heres and that it cannot be driven off by oven drying.

"he weakly adsorbed water, generally considered as
hygroscopic water, ranges from this point 1o approxi-
matcly the permanent wilting point where the adsorp-
tive force is cqual to about 15 atmospheres and the
heat of wetting is approximatcly zero.

Decreases in wind erodibility proportionate to the
amounts of hygroscopic water suggest that erodibility
is a function of the cohesive force of the adsorbed
water films surrounding the soil particles. Results of
these experiments indicate that the greater the amount
of hygroscopic water, and hence the greater the thick-
ness of the water films, the greater is the force of attrac-
tion between the soil particles to which the water
films are adsorbed. Attraction between the soil parti-
cles is apparently through the water molecules sur-
rounding the particles.

The force between the soil particles must be over-
come by the force of wind before erosion can occur.
When the flow of air over a bed of erodible soil par-
ticles is increased gradually, there comes an instant
when a few topmost particles become dislodged and
move with the wind. At this instant the shearing force
of the wind has barely overcome the opposing forces
of gravity acting on the soil particle plus the force of
attraction of the adsorbed water films. The shearing
force or drag, r, against a point on the ground surface
lying parallel to the wind direction (2) 1s

T = P\/.”z [1]

where p is the air density and V,, is a quantity icnoyvn

as the drag velocity and is equal to \}‘-:;-

Factors which govern the rate of erosion of dry soil
materials are known from previous studies (2,6). The
rate of movement, q, of dry soil has been found to
conform approximately to the general formula

q=C VX 2

where C is a constant whose value depends on the size,
shape, and density of the eroding particles, V', is
the drag vclocity over the eroding surface, and x is an
exponcnt which has a value of approximatcly 3. V', is

!
cqual to \[7; in which 7’ is the wind drag on the crod-

ing surface.

1t is expected that the same factors which govern
the erodibility of dry soil materials also govern the
crodibility of damp materials and that the cohesive
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force between the damp particles merely plays its con-
tributing part. Only the force of the wintrin excess of
that required to overcome the force of gravity acting
on the uppermost soil particle and the force of co-
hesion between this particle and the others with which
it is in contact will contribute to the movement of the

article. Therefore, the equation expressing the rate

of erosion of damp or dry soil composed only of
erodible particles may be written
—=1X
q=C|[72
r
or .
P

in which y is the resistance due to cohesion of the
adsorbed water films exerted against the wind drag.
The resistance may be visualized as a vector force act-
ing in the direction opposite to and on the same level
as the wind drag.

The values of resistance y of cquation 3 were deter-
mined from experimental values of q, C, +/, and x
and plotted against equivalent moisture W (figure 2).
The plotted curve of figure 2 indicates that the re-
sistance y for the uppermost soil particles and those

(

below on different soil classes is, on the average, equal -

to 6 W2, Quartz sand indicates slightly lower, and silty
clay slightly higher, values of y for equal values of W.
One reason for these apparently minor deviations
might be the absorption oF variable amounts of mois-
ture by the soil particles and a consequent change in
their size, bulk density, and erodibility. Apart from
this, when the equivalent moisture W equals unity,
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which corresponds to moisture at a tension of 15 at.
mospheres, the force of attraction (per unit area of

round) between the uppermost soil particles and those - -

elow is equal to about 6 dynes per square centimeter
figure 2). Erosion by wind will be zero at this cquiva-
Scm moisture if the wind drag + is equal to, or 1s less
than 6 dynes per square centimeter. On the other hand,
if the wind drag is grcater than 6 dynes £cr square
centimeter, some erosion would occur, the rate of
which may be computed readily from equation 3.

The experiments were not carried substantially
into the capillary moisture range because of Jack of
much stronger winds. However, natural winds of aver-
age force greater than those used in the tunnel are
exceedingly rare. The capillary forces computed for
an ideal soil by Haines (9), Fisher (8), and Alberry (1)
and determined for silt by Haines (9) and for spheres
by Alcrry (1) are much higher than the forces of
attraction developed by the adsorbed water films of
the present study. Their investigations, computations
and measurements indicated that the cohesive force
between the spheres with a lenticular water drop at
their junction was greatest at the initial stage of sepa-
ration, decreased as the spheres were separated farther
apart, and reached zero when the drop broke. Of
further intcrest are the facts that cohesive force be-
tween the spheres increased and the work of complete-
ly separating the spheres decrcased gradually as the
water drop became smaller and reached the respective
maximum and minimum values with minutest possi-
ble drop. It must be pointed out that under these
conditions the spheres were in contact. Such a condi-

tion, no doubt, sometimes occurs in soil, but it is not.

the condition to which the present study a‘pplics. The
present study depends on relatively small quantities
of water added to loose beds of dry soil particles, such
as beds of wind-eroded soil material. Attraction be-
tween the particles in such cases, no doubt, is much
lower than it would be if wet beds of soil particles
were dried to corresponding degrees. In the former
cases, the dried particles would be united or con-
solidated, whereas in the latter they would be sepa-
rated by the adsorbed water films. These two rather
distinct conditions, together with conditions in which
pronounced capillary forces are present, occur rather
commonly under field conditions. It is probable that
all sorts of conditions between those mentioned exist.
It is probable also that distinct dividing points exist
neither between adsorbed and capillary water nor be-
tween consolidated and discrete soil particles.

It is probable that the values of the empirical ex-
pression y in the present study depend on the initial
maximum force of attraction between the uppermost
particles and those with which they are in contact and
1o a degree on the encrgy required to separate the

articdes. No doubt, the force of wind required to
initiate movement of damp particles must be at Jeast
cqual to the initial maximum force of attraction be-
tween the particles. 1t must be remembered, hnwc_\'gr,
that values of y arc derived not from wind velocities
required to initiate movement but from the rate of
soil movement. Jt is conccivable that the rate of soil
movemeny depends on the initial force of attraction
and to some degree on the work required to separate
completely the uppermost particles from those below.
The initial force of attraction for different amounts of

Table 3,—Concordance of measured rates of erosion q for
different soils with rates computed from equation (5.‘

Sutphen

Quariz sand Pratt Baca 5
silty clay

sandy loam silt loam

Mcas- | Com- | Mcas- | Com- | Mcas- [ Com- | Meas- | Com-
ured jputed| ured |puted| ured |puted| ured | puted
9 Q 9 9 9 q q 9

064 | 062 052 | 0.51 | 0.58 | 0.56 | 0.47 0.45
062 | 0541 052 | 0.49| 057 | 0.50 [ 0.43 | 0.40
0.60 | 0.53 | 0.51 0.47 | 0.51 0.49 | 0.42 0.39
0.57 | 0.50| 0.50 | 0.46 | 0.47 | 0.48 | 0.34 0.38
046 [ 0.20 | 049 | 045 0.25 | 0.42] 0.32 0.28
004 | 003 | 0.04 00 1003 | 00 | 0.12 0.17

®Ratc of crosion q is in grams per centimeier widih per second,

W counld be measured only by determining the force
of wind required barcly 10 overcome the attraction and
thereby initiate the movement. This was not done in
the present experiments.

While it is true that the smallest force of attraction

er unit area of contact was exhibited by the greatest
enticular drop, as shown by Haines, Fisher, and Al-
berry, the number of contacts and the area of each
contact between soil particles of irregular shape and
arrangement are probably increased as the thickness
of the film becomes greater. The attraction per unit
area of contact decreases as the curvature of the water
at the contact area is decreased. The total area of
contacts, however, probably increases much more
rapidly than the curvature decreases and, consequent-
ly, the total force of attraction increases as more water
is added. The present studies seem to confirm this
conclusion.

In table 3 are experimental values of erosion rate q
and values of q computed from equation $, supple-
mented by use of y values based on the average curve
of figure 2. Only two cascs show a substantial disagree-
ment. Both of these were associated with that narrow
range of equivalent moisture which is associated with
the sharp downward swing in erodibility by wind.
Because within this narrow range a slight change in
either equivalent moisture or wind velocity produces
a relatively great change in the rate of erosion, experi-
mental errors are substantial. Apart from this, the
general agreement substantiates one part of the theory
described herein—that part indicating the physical.;
behavior of water films adsorbed onto surfaces of
unconsolidated soil particles. Further experiments de-
signed along fresh lines are nceded to provide decisive
evidence on the relationships between cohesive forces
of adsorbed water films, erodibility, and consolidation
as influenced by packing and drying.
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