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1. Introduction

Ridges in tilled fields are a common feature of the microrelief at the
earth's surface fn most agricultural areas of the world, and they are often
used as part of wind erosion control systems. \lhen the vegetation is removed
for food, fuel, or fodder, ridges and soil aggregation are frequently the only
m2ans of wind crosion control on large areas. Thus, understanding the factors
that control soil loss by wind crosion from ridyjed fields s fmportant in
desfyning edequate wind erosion systems.

In section 2, we will bricfly revicw Lhe Vteroture on ridges and
describe the field surface faclors that control soil loss from nonvegetated
ridged flelds. In section 3, a wind tunnel experiment to determine one of the
control factors, ridye trapping efficiency, is described, and some results of
the erperiment are diccusced In section 4. Finally, a simple example of field
soil loss as affected by trapping efficiency 1s presented in sectfon 5.

11ind erosfon on a ridged field surface is coaplex and there are at least
four major simultaneous processes affecting <oil loss (figure 1). First,
thé;e is removal of loose, erodible-size (< 0.84 nm diameter) particles from
among the large clods by wind. This soil less, E, 1s mostly removed from the
upwind slope and top of the ridge. (A1l symhols are defined in table 1.)
Loose soil loss has been meesured for many unridged surfaces in wind tunnels
and Fryrear (1984) showed that for a varfety of surface covers, £ was approxi-
mately

E=m-n In(SC), (SC) > 10 (1)
where m and n are coefficients that likely vary with windzpced and SC is

percent soil cover of flat resfducs or ¢lods.
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Ricye schematic and control surface for mass balance in the saltation
region.
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Table 1. _Notation, M, L, and T as dimensfons refer to mass, length, and time,

Symbol . Definition and Dimensfons
A Ridge height, L
A, Initia) ridge height, L
a Ridge height reduction by erosion, L
C Percent soil cloddiness (2 0.84 nm dfameter) by weight
L Average sbrasion coefficient, L
& Average suspension coefficient, L~
C, Constant
C, Constant, L
d Constant
dp Particie diameter, L
e Cunstant
3 Loose surface sol) removable by wind, TR
g ‘Constant
h Interridge height filled with loose soil, L
L Lengtlh of tunnel covered by ridges in X - direction, L
m, n Coefficionts, ML
Q Total horizonta) sod) psusage per unit width, m'
q Horizontal sofl flux integprated over the saltation height per
unit width, o7
Sa Sofl aygregate mechanical stability, MT"
SC Percent sofl cover of flat resfdues or clods
T Total time, T
t Time, T

U Hind turmel freestream windspied, LT'l
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Friction velocity, g

Ridge top loss volume from erosion per unit horizontal
area before ridge helght 1s reduced, L

Additional ridge top loss volume from erosion per unit
horizontal area when ridge hefght 1s reduced, L
Interridge volume filled by loose soil per unit horizontal
area, L

Particle impact velocity, S

Soi1 clod atrasfve wecar

Downwind distance, L

Saltating particle impact angle, degrees

Ridge u5v01ongth. L

Fraction of passing g trepped by ridges and herein called
ridge trapping efficicncy, ¢

Average fraction of passing Q trepped by ridges, i
Inttial ridge trapping cfffciency, L™

Sot1 bulk densfty, ML~
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Armbrust, Chepil, and Sf{ddoway (1964) measured € from a 1.62 m Yong tray
using 1 to 20 cm - tall ridges in a wind tunnel and showed that E could be
reduced as much as 50 percent on ridged surfaces compared to unridged surfaces
with the same soil cloddiness and friction velocity (Us). Nevertheless, the
slope n of their sofl loss curves was cimilar to Fryrear's, and E averaged
over Us of 0.9 to 1.08 m/s was

€ =8.12 + 0.045 A, - 2.28 n(C), (C) > 10, A, > 2.5 [2]
where € 1s Kg/mt, A, is ridge height in cm, and C 1s percent soil cloddiness
(> 0.84 wn dicicter) by welght,

Feiova) of Lhe loose soil usually allows the upwind fiecld surface to
stabf11ze. Unfortunately, the downwind surface clods and crust are abraded by
the saltaling lonse soil from upuind, The abraston creates additicnal
saltatfon énd cuspension-size particles and also exposes additional crodible
particles as the suiface is abraded eway. There appear to be no direct
measurcmants of zbrasion on ridges, but it fs probable that the process s not
greatly different than on an unridged surface, except that on ridges, the
abrasion zone Is concentrated along the npper 2/3 of the upwind ridge face.
For unridged surfaces composed of mixtures of clods and taltatfon-size partti-
cles, Hagenl] found on wind o trays that soi) loss from abrasion varied
Hnearly with the tota) saltation passige (Q) and the abrasion coefficient
(Ca) varied with C. Thus, for a ridged surface, a first approximation is that

abrasfon loss equals C,Q where Ca fs an average abrasfon coefficient for

the surface layer.

e — . c——— . — — - *isiam

1] unpublished data of Hegen.
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C, also varies inversely with the mechanical stability of the clods
end crust. Chepil and Woodruff (1963) discussed the formation of varfous soil
structural units and 1isted their relative mechanical stability in the dry
state from highest to lowest as follows: (a) water-stable aggregates,

(b) secondary aggregates or clods, (c) surface crust, and (d) fine materfals
enong the clods. Hagen (1984) abraded 1ndividual soil clods with a sand
blasting noszle and found Lhat abrasive crosion of the clods was invcrsely
related to clod mechanical stability as weasured by a drop-shatter test
(figure 2). Abave a threshold particle impact velocity, abrasive erosfon from
the target agyrcgates also was proportional to particle impact kinetic cnergy.
fnother process 11lustrated in figure 1 s the removal of the finest
fraction of noving soil from the top of the saltation regifon. This suspension
is postulated as the product of Q and an average suspension coefficient Us.
Cg Vikely varfes along the wind direction and changes with windspeed, but 1n
a manner presently unknown. Gillelte (1977) mracured a portion of the
suspension flux (< 20 pym disneter) on <scveral fields and found that 1t varied
widely on different soil textures. MHajen and Lyles (1985) fcund that during
fnitial impacts of saltatfon-size particles in an enclosed chamber, the major
source of particles ¢ 50 ym diameter was the impacting soil particles and not
the target aggregate. HMuch additional work appears necessary to specify Ug
on most soils.

A final process is the trepping of the caltation flux in the interridge
areas, which can significantly reduce the total fmpact kinetic energy on the
field surface. For cxample, trepping saltating particles within 5 to 10 m of
their fnftia) movcument instead of allowing them to travel to a fleld border

100 m downwind would reduce fipact kinctic encrgy on the surface 10 to 20
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times. Thus, both the trapping efficiency (n) in dimensions [1/L) and the
interridge volume available to maintain n are important. Because data on n
are lacking, an experiment to measure n was undertaken,

3. Experimenta) procedure for n

Ridges composed of a mixture of 2 to 6 mm diameter gravel and 0.29 to
0.42 mm quartz sand were constructed normal to the flow along 610 cm of the
working section of a wind tunnel which 1s 76 cm wide and 91 tall. For cach
set of test ridges, the tunne) roof was adjusted to give zero pressure
gradient in the working section, and the loose soil on the ridge tops was
rcmoved by operating the tunnel until the ridges were armored on the upwind
side. Thus, during the trapping experiments E, Cs' and Ca were all equal
to zero (figure 1).

Freestrcam velocity was measured above the ridges using a pitot-static
tube. Next, a wefghed amount of sand (0.29 to 0.42 rm dfameter) was placed on
the tunnel floor upwind of the ridges, and the tunnel operated for 3 to 5
minutes with a relatively constant sand flux cntering the ridges. At the
downwind side of the ridges, a vertical slot sampler collected the saltating
sand in a pan mounted on a recording load cell below the tunnel floor.
Finally, the remaining sand on the floor upwind was reweighed and the loss was
compared to the flux that had passed the sampler. The difference was the sand
trapped by the ridges.

To calculate n, the ridges were assumed to act 1ike a series of filters,

which, using the conservation of mass principle, can be modeled as

-9, (3]

and for short runs with q and n in ctrady state, futeyrating gives

n = 1n (Q4n/Qout ) /L (4]
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where q 1s the soil flux in the X-direction integrated over the saltation

hefght, L is ridge-covered tunne) length (6.1 m), and Q is the time integral

of q. Each set of ridges was tested at three freestream windspeeds (Ug),

ranging between 10 and 15.5 m/s.
flux rate was created at each windspeed by adding a low wire screen barrier in

For the two largest windspeeds, a second

front of the upwind sand source.
Ridges that had substantial capacity were next filled with saltating sand
at Uy of 10 m/s and then eroded by wind alone to static equilibrium (q = 0) at
15.5 m/s. These ridges were then subjected again to an upwind sand flux to
determine at what windspeeds sand was deposited or entrained from between the

ridges. In this way, an approximate dynamic equilibrium (n = 0) for ridges

could be determined.,
Surface contour of cach set of ridges was measured over 1 or 2 wavelengths

by lcwering a laser beam until it was focused on the ridge surface and then
observing the relative change in height from a scale fastcned to the Taser
The test ridges had height (A) to wave length (1) ratios of 0.11,

optics.
0.15, 0.18, and 0.21; heights of 2.4, 4.5, 6.5, and 8.0 cnj and sand flux

rates (q) of 0.1 to 0.6 g/cm-s.

4. _Results and discussion for a
A total of 25 test runs of trapping efficiency were .unalyzed using a
stepwise regression procedure, and the best 6- varfable model found was
n = -0.0264 + 1.342 (A/A) - 0.67 (q?) - 15 x 10~ (Ua')
+ 0.05614 (qUs) + 0.04517 (qA) - 2.09755 (QA/A) (5]

where the units are A and A in c¢cm, q in g/cm-s, and Uy In m/s. The coef-

ficient of multiple deterwination (R') for the mode) was 0.82.

ir‘.
I
ol
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A plot of the model shows that n was strongly influenced by windspeed
(figure 3). The ridge with A/A equal 0.11 was statically stable with U, equal
15.5 /s, but dynamically stable (n = 0) at 10.3 m/s. Thus, the dynamic to
vtatic threshold windspeed ratio was about 0.66, which is less than the value
of 0.8 usually cited for all-erodible surfaces (Bagnold, 1941). The decrease
in the ratio probably occurs because saltating particles are more effective
than wind a1oné‘1n carrying moxcnium to the surface lceward of the ridges.

Vertical profiles of the saltation flux were markedly changed by the
underlying surface and thus, also likely affected n. To cumpare profiles, a
relative flux vas calculeted as the ratio of flux to maximun flux for each
profile. Thke relative saltation flux increased near the surface of the ridge
tops as ridge iplitude increased from an unridged surface to moximum amplitude
(figures 4, 5, 6). In the case of the unridged surface (figure 4), the
abisolute flux gradient above 5 cm decreased as windspeed increased. Similarly,
frivediately abéve the rid:es, increcasing windspeed also decreased the absolute
yradient of the horizontal flux, while gradients abcve 20 ¢m were less
affected than those below. Cvidently, tr:pping of particles from the lower
portion of the flux profile reduces the absolute yradient above ridges. The
Tow flux values in the Towest portion of the interridge area in figure 6
demonstrate that most of the flux iipacted along the upper portion of the
windward ridge face.

Finally, another plot of equatfon 5 shows that there was an asymptotic
incrrase 1n n as the input flux was increased at a fixed windspeed (figure 7).
It {s probable that adding particles to the streum reduces the momentum

absorbed by fndividual particles, so Lhey nove mare slowly and are easier to
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Figure 3 Values of n predicted by equation 5 as a function
of freestream windspeed.
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Figure 5 Relative sand flux distribution as affected
by freestream windspeed for 4.5 cm tall ridges
of wavelength 21.5 cm. (Height measured from
lowest interridge surface.)
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trap. Increasing both A and A/\ also tended to incrcase n. However, there is
a practical limit of about 0.25 for A/A for most soils, which is imposed by
the angle of rcpose of the soil materials.
3. __ Slmple fleld example

Cole (1984) has pointed out that for a general solution to field sofl
1oss, one must integrate the governing flux cquatfons in both time and space,
hecause wind crosfon 1s a time and space dependent process. However, in
windy, semi-arid regions one wants the field surface to stabilize long before
the winds ccase, For such designs, Lotal soil loss will not depend on total
wind cnergy but, instead, each field will have a maximum sofl loss governed by
the field surface. For such a field, total horizontal soil passage (Q) at any

dovneind location (x) fis
T
0=/ ao (6
0

vhere q Is horizontal soil flux end t 1s time. lere we will consider a stmple
exanple of such a fleld to 11luslrate the frwortance of n.

To further simplify the exauple, censider a rcgion where the erosive wind
direction is nearly constant and the ridges are orfented rormal to the wind.
direction. Then, for conservation of mass along the wind direction from

Tigure 1

gg =e-70+80-ta U7

where € 1s Toose soi1 removable frem the ridge tops by wird alone [M/L'].
n 1s average fractfon of pussing Q trepped by the 1idges [1/L1),
Ca is average additional soll abiraded per unit passing Q [1/L]), and

Cs 1s averege sofl suspended per unit passing Q [i/1).
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While C, can be significant on certain solls, for the present example we
wil) assume U = 0.
, As erosion progresses, the ridges will change shape and f111, thus n also
wil) be a function of Q, which we nced to determine. for a constant windspeed,
horizontal flux (q) and wavelength (1), the regression equation for n reduces
to n=-C +C A (8)
where C, and C, are constants and
A=A -h-a (9]
Initia) ridge height is Ay, while h and a represent hefght reductions by
f1114ing and sotl loss from the ridge top area, respectively (figure 8).
We can approximate h as
h=[aV,/2)7" (10]
_where V, 1s filled volume [L’/L']. A regression equation fitted to exact
calculatfons of a gives
a=d(V,)® (11}
where d and e are constants.
V, and V, are top loss volume with dimensions [L’/L"], and a is zero
until top loss exceeds V,. Now
V + ¥y = (E + TaQ)/op [12)
and
V, = 8 Q/ep (13)
vhere pp 1s sofl bulk density, and & is defined as
T T
BT, x) =[ n(t.x)q(t)dt/f a(t)dt [14)

An cquation for n as a function of Q is then

et oG A - ()’ [2‘}6]‘/' -d [_g.;_bg v} s
b
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Ridge schematic with notation used in text.
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Numerical solutfons for n were calculated and found to fit approximately the

erpression
nan -9ginQ,n>0,Q 21 (16]
where ng 1s inttlal ridge trapping efficiency at A = Ay, and g s a constant.
Integrating the preceeding equation for Q 2 1 to find & gives
A=(n +9)-(n +9)/Q-91nQ | (17]
and putting this approximation into c¢quation 7 gives
Q=E+TQ-[(n+9)-(m+a)/A-9MAQ (18]

The precceding equation was applied to an unridged surface and two ridged
surfgces that have the shape shown in figure 8 with the dimensions and
conslonts chewn in Table 2. The E-value of 2.0 Kg/m! sclected for the fields
correcponds to a soil cloddiness (> 0.54 wn dicneter) of chout 10 percent for
the ridged fields end sliyitly greeter for the unridged field.

Plots of nuinzrical solutions of Q - vs - X are shcun in figure 9. The 10
on ridges stabilized and dQ/dx approached zero at 30 to 40 m dcwnwind hile n
runained at about 0.06 after erosion ceased. In contrast, on the S5 c¢m ridges
dQ/dx did not approach zero, but instead n approached zero (the riidges failed)
at Q rqual 91.2 Kg/m at an X bctween 70 and 80 m downwind. Beyond that point,
their effect on sofl transport was similar to the unridged surface. Finally,

the unridged surface (i equal zero) exhibited the exponential fncrease in

sofl flux passage cne expects for Lhe stated conditions.

From the example, it 1s clcar that on both the unridyed and 5 cm ridged
ficlds the ]ength.of the eroding field must be controlled by seme furm of sofl
trap, such as a vegetative barrfer, if adequate erosion control is to be
raintained.  Alternatively, one could incresse curface cloddiness or vegetation

on these fields Lo also provide control, The 10 cm ridyes did not fail
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because they had a h.igh initial n which prevented excessive abrasion of the
downwind area and also the interridge volume necessary to hold all the sofl

that was removed from the ridge tops so control of field length was unnecessary.
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