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ABSTRACT 

Tillage to create a cloddy, ridged soil surface in 

areas lacking residue or any form of vegetation cover, has 

been determined to be an effective method for wind erosion 

control. Emergency tillage during a dry, windy period 

creates a rough soil surface which helps reduce soil 

blowing until vegetative cover can be established or other 

more permanent control practices are adeopted. A wind 

tunnel study on clods and ridges showed clods to be a more 

effective wind erosion control method than ridges. This 

points out the need for inclusion of clod cover as a 

separate and important factor in studies on wind erosion 

mechanics, erosion control, and estimates of^soil loss with 

equations such as the current USDA wind erosion equation. 

The data from this study verified a new erosion model under 

development at Texas Tech University. A conflict between 

the two literature reviewed was explained. 
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CHAPTER I 

INTRODUCTION 

Soil erosion is a major social and economical 

problem. By definition, it is the removal of top soil from 

one area, transportation, and deposition at another by an 

eroding agent such as wind or water. The process destroys 

both the soil and the environment. Soil loss estimates are 

a necessary part of damage assessment and selection of 

control methods. The USDA 1965 estimates showed damages to 

land amounting to over 28 million ha in U.S. alone. Of 

this amount, 22 million ha were cropland, 3.6 million ha 

were rangeland, and 2.4 million ha were on other various 

uses (Woodruff et al., 1972, p. 1. During 1966, 1967, and 

1968) Wind erosion in the Southern Great Plains alone 

damaged 615,000, 881,600, and 464,000 acres, respectively, 

most of which occurred in the West Texas cotton-producing 

area (Fryrear, 1969, p. 3). Soil erosion caused by wind, 

hereafter referred to as wind erosion, causes most damage 

during the transportation stages. Damages vary depending 

on the wind velocity, rate of soil movement, and duration 

(Fryrear and Downes, 1975). An equation for making these 

estimations is essential for: (1) making soil loss 

predictions from fields; and (2) evaluating protection 
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offered by management alternatives for fields (Woodruff and 

Siddoway, 1965). 

Crop residue and vegetative cover are effective 

means for protecting the soil from wind erosion, but both 

are in short supply in arid regions due to climatic 

conditions. Residue and dry vegetation matter are 

important sources of fuel in developing countries. Due to 

the high demand for these forms of plant matter, severe 

land stripping of all forms of vegetation often occur, 

leaving the soil bare and unprotected from the wind. In 

such areas, use of clods and ridges for wind erosion 

control is necessary and possibly the only accepted method 

of control. 

The literature on use of clods and ridges for wind 

erosion control reviewed here (Appendix A) reported 

conflicting results. Armbrust et al. (1964) reported clod 

and ridge data which suggested a continuous decrease in 

wind erosion with increase in ridge height to a point, 

followed by an increase with further ridge height increase. 

Fryrear (1984), however, reported a curvilinear inverse 

relation between erosion amounts and ridge height, where 

increase in ridge height caused a decrease in erosion. 

This difference could be due to several causes, such as: 

(1) erroneous data; (2) erroneous data analysis; (3) a 

combination of the above; or (4) differences in 

experimental techniques. 



Related Research 

Research on the use of clods and ridges to control 

wind erosion has been conducted before by various 

scientists with different investigation methods and 

procedures. Some of the noted and most recent ones are: 

1. Armbrust et al., "Effects of ridges on erosion of soil 

by wind," Soil Sci. Soc. Am. Proc. 28:557-560 (1964). 

The study was done to determine amount of erosion from 

dune sand and simulated soil (sand and gravel mix) with 

dune sand ridges. Cobbles of determined sizes were 

used for clod cover. 

2. Fryrear, D. W., "Soil ridges, clods, and wind erosion," 

Trans., ASAE 27(2):445-448 (1984). Erosion study was 

on the Amarillo fine sandy loam soil, with masonite 

ridges (covered with a 10 mm layer of soil). Clods of 

predetermined size and shape made from cement were 

used. 

3. Lyles et al., "How aerodynamic roughness elements 

control sand movement," Trans., ASAE 17( 1): 134-139 

(1974). Wind erosion of sandy soil protected with wood 

ridges and glass clods. 

4. Lyles and Woodruff, "How moisture and tillage affect 

soil cloddiness for wind erosion control," Agr. Eng. 

43(3):150-153, 159 (1962). This study was set to 

investigate the effects types of tillage implement and 



soil moisture content have on soil surface roughness 

and the stability of the formed clods and ridges. 

Results obtained in each of these studies were 

representative of differing experimental conditions under 

which they were conducted. 

Objectives 

The objectives of this project are to: 

1. reevaluate published data sets using a wind erosion 

prediction equation (Eq. 5 in Apppendix A) formulated 

by Gregory and Borrelli (1986); 

2. resolve the conflicting results reported in the 

literature (Armbrust et al., 1964, and Fryrear, 1984); 

and 

3. evaluate the effects of varying ridge height, and clod 

cover and size on erosion of soil in a wind tunnel. 



CHAPTER II 

LITERATURE REVIEWED 

The Wind Erosion Process 

Wind erosion is a serious problem particularly in 

arid and semi-arid regions where vegetation cover is sparse 

and the soil is dry. Wind erosion is not unique to these 

areas since it will occur wherever soil, climatic, and 

vegetation conditions are conducive to erosion. It has 

been observed to occur on irrigated land where the surface 

was smoothed by irrigation water applications, prior to 

soil drying and exposure to the blowing process (Mech and 

Woodruff, 1967). Conditions of: (a) a finely divided, 

loose, and dry soil surface; (b) a smooth and bare surface; 

and (c) an unsheltered field, wide and improperly oriented 

with respect to the prevailing wind direction are 

conducive for occurrence of wind erosion (Bagnold, 1943; 

Chepil, 1945a; Chepil and Woodruff, 1963; Woodruff et al., 

1972; Lyles, 1977). 

Wind erosion is basically an energy phenomenon 

which occurs in three distinct phases involving soil 

particles — detachment of the particles, transportation, and 

deposition. A strong, turbulent wind reaching the soil 

surface generates sufficient energy to overcome gravity and 
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internal particle binding forces, to detach and lift them 

for transportation (Gregory, 1984; Beasley et al., 1984). 

For this to occur, unprotected erodible soil particles, 

those between 0.02 mm and 0.84 mm in diameter, should be on 

the surface (Yoder, 1936; Chepil, 1943). Depending on the 

soil's erodibility, a certain critical wind velocity, known 

as threshold velocity, is required to cause the initial 

disturbance of the soil particles to become a continuous 

movement (Bagnold, 1943; Lyles et al., 1971; Larson et al., 

1983, p. 458). Particles larger in diameter than 0.84 mm 

are too heavy to be detached and transported by wind of 

normal high velocities while those less than 0.02 mm in 

diameter cohere together too strongly to be detached 

(Yoder, 1936). 

Five factors influence how much erosion will occur: 

soil erodibility, surface roughness (ridging), climatic 

conditions (wind velocity and humidity), length of exposed 

surface, and vegetative cover (Troeh et al., 1980, p. 142). 

Detachment and Transportation 

Detachment and transport capacity of the wind was 

determined to be proportional to the cube of friction (drag 

or shear) velocity, U*^ (Bagnold, 1943; Zingg et al., 1952.) 

Transportation of the soil particles by wind occurs in three 

different ways: suspension, saltation, and surface creep 

(Udden, 1894; Zingg and Chepil, 1950, p. 282; and Chepil, 

1945a). Aggregates of diameter less than 0.1 mm are 
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transported in suspension (Udden, 1894). These are the 

very fine sand size or smaller particles, which once raised 

into the windstream are kept suspended by the turbulence of 

the air current. This form of movement is responsible for 

three to four percent of the total soil moved by the wind 

erosion process (Chepil, 1945a). Intermediate size grains 

of approximately 0.1 to 0.5 mm diameter move in a series of 

leaps and bounds, where lateral grain movement is 10 to 15 

times the height of rise, rising into the air and falling 

again after relatively short distances (Udden, 1894). 

Particles moved this way make up 50 to 75 percent of soil 

moved by wind (Chepil, 1945a). The returning saltating 

particles usually strike the ground at angles of 10 to 16° 

(Bagnold, 1943), or, according to Chepil (1961) 6 to 12°, 

and rotate at 200 to 1000 r.p.s. (Chepil, 1945a). 

Particles 0.5 to 1 mm diameter, which are too large to be 

lifted into the windstream, are bumped along the soil 

surface by saltating grains, and to a lesser extent by the 

direct force of the wind (Udden, 1894). Five to twenty-five 

percent (Chepil, 1945a) of the total soil moved by the wind 

is moved this way. 

Deposition 

Deposition of detached soil particles eventually 

occur at another location when the wind subsides or when 

surface barriers alter the wind velocity distribution 

(Chepil, 1957). These changes which result in the 
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deposition of the sediments are usually due to: (1) the 

slackening of the upper atmospheric flow, reducing or 

ending its capacity to transport the suspension; (2) 

reduction of local wind velocity by obstructions such as 

hedges, crops, and non-erodible soil material (i.e., 

increased surface roughness); (3) stabilization of surface 

by onset of rain or irrigation; and (4) reduction of 

surface compaction resulting in more of the energy of 

saltating grains being dissipated on the bed rather than in 

maintaining of forward movement (Bagnold, 1943). The 

deposition may be beneficial or detrimental to the soil 

fertility (Beasley et al., 1984). 

Various equations describing transport of soil 

particles in erosion by wind as related to friction 

velocity have been formulated, some of which are equations 

2, 3, and 4 in Appendix A. All these equations support 

the assumption of the direct relation between soil movement 

and the cube of friction velocity U*3. 

Effects of Erosion 

Soil Loss 

Estimates of annual soil loss by wind erosion, of 

highly erosive soils range from 700 mt/ha to 1125 mt/ha 

(Lyles, 1977). Some of the recorded extremes of wind 

erosion are from the 1930's dustbowl, where many cultivated 

fields lost as much as 30 inches of top soil in the Great 

Plains (Chepil, 1957, p. 108); up to 10 mm/year from the 



TABLE 1 

Annual Land Damaged by Wind Erosion in Texas 
and the Great Plains as Reported by the 

USDA Soil Conservation Service 

YEAR 

1955 

1956 

1957 

1958 

1959 

1960 

1961 

1962 

1963 

1964 

1965 

1966 

1967 

AVERAGE 

Land Damaged in 
Texas Great Plains 

Ir 

754 

1,069 

692 

465 

423 

427 

128 

185 

154 

270 

806 

242 

346 

000 ha/yr 

6,207 

3,850 

4,125 

1,571 

1,296 

1,021 

903 

589 

1,218 

1,728 

1,571 

432 

982 

YEAR 

1968 

1969 

1970 

1971 

1972 

1973 

1974 

1975 

1976 

1977 

1978 

1979 

Land Damaged in 
Texas Great Plains 

1, 

122 

191 

228 

1,091 

464 

412 

831 

567 

636 

888 

568 

211 

487 

000 ha/yr 

471 

354 

746 

1,886 

909 

792 

1,520 

2,300 

2,495 

3,235 

1,151 

1,163 

1,701 

"dustbowl" sites in Kansas (Kirby and Morgan, 1980, p. 3). 

Table 1 gives some of the past USDA Soil Conservation 

Service reports of land damages by dust storms in Texas and 

the Great Plains (Fryrear, 1981). 
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Wind damages are sometimes worse than the numbers 

depict because reported periodical erosion occur at very 

high rates during short term durations during short 

intervals of high wind energy availability and bare soil 

conditions. For instance, over 50 percent of erosion from 

land planted in corn occur in May and June when soil cover 

by the crop is low and wind velocities are high (Larson et 

al., 1983, p. 460). Winds above threshold velocities for 

visibility reduction in Great Plains blow for a total of 

400 to 2000 hours annually (Hagen and Skidmore, 1977, p. 

900) . 

Soil Structural Loss 

Wind erosion is particularly damaging to sandy 

soils because the wind's sorting action steadily removes 

silt, clay and organic matter particulates, further 

increasing the erosion hazard of the soil (Chepil and 

Woodruff, 1963; Woodruff et al., 1972, p. 1). The wind, on 

attacking the soil, tends to be selective, removing finer 

particles only (Free, 1911, p. 35). The coarser textured 

soils lose their capillarity films faster (thus, moisture 

content) than finer (clayey) textured soils, explaining why 

sandier soils blow sooner than the clayey ones in windy 

environments (Free, 1911, p. 30). 
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Productivity Losses and Abrasion Damages 

Nutrients and organic matter, the productive part 

of any soil, are carried off the field with dust and 

deposited at another location. The air-borne soil 

particles carried by the blowing wind abrade crops, 

buildings, and other structures (Woodruff et al., 1972, p. 

1). protection of the Pacific Railway Company telegraph 

poles in San Fernadino, California, by piling rocks or 

short posts around them was necessary due to their diameter 

reduction caused by constant wind blasting (Free, 1911, p. 

27). Soil grains carried by the wind have been known to: 

etch automobile windows so they have to be replaced, 

sandblast paint off surfaces, and sift into bearing 

surfaces in machinery, accelerating wear. 

Air Pollution and Sedimentation 

The most noticeable (not necessarily the worst) 

form of air pollution caused by wind erosion is the dust. 

Dust storms have been known for centuries. They have been 

known to have occurred even before cultivation of land for 

agriculture was started, mostly in deserts (Free, 1911). 

One of the early theories regarding dust falls as mentioned 

by Free (1911, p. 90) believed dust to be of extra-

terrestrial origin and had to be regarded with great 

terror. The 1813 dust fall in Gerace, Italy with 

accidental breakout of fire brought convictions that the 

end of the world was at hand (Arago, 1857). Another belief 
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was that of an existence in the upper atmosphere of a mass 

of permanently suspended living matter (mainly diatoms) in 

microscopic particles and that dust falls occurred whenever 

this upper stratum was so distorted as to come in contact 

with the land surface. 

Although the ma jor part of dust is f ine soil 

particles, it contains many living and non-living 

organisms. The wind indiscriminately lifts into suspension 

any loose, light material, including weed seeds, insects, 

macro- and micro-organisms, fertilizer, pesticide, organic 

matter, and other chemicals which pollute the air. Wind 

erosion frequently suspend enough particulates to cause 

reduced visibility at airports and busy highways, creating 

hazardous conditions for traveling. Drehsler (1975) 

reported an incident of dust from abandoned irrigated 

fields in Arizona which was responsible for two multi-

vehicle pileups involving 33 vehicles, 24 injuries, and two 

deaths on Interstate 10. Dust from newly plowed fields 

near Bakersfield, California, was responsible for 96 

injuries and seven deaths in two pileups involving 80 

vehicles (Associated Press, 1972). In Kansas, highways 

were occasionally closed during the spring of 1977 due to 

poor visibility (Hagen and Skidmore, 1977, p. 898). To 

create such extreme cases of poor visibility, a certain 

degree of dust concentration is necessary. For example, a 

concentration of dust of 100 to 400 mg/m^, depending on 
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particle size distribution, will reduce visibility in 

daytime to 200 meters, and is 50 to 75 percent of the 200 

meters for non-sky backgrounds (Hagen and Skidmore, 1977, 

p. 899). Most of these dust particles in suspension 

eventually settle at different rates, depending on size and 

density, on surfaces distances away from the source. Most 

of the sedimentation problems—for example burial of 

structure, fences, crops, roads, naming only a few—are a 

result of early deposition of the bigger, denser particles. 

The problems of fine film deposits on house or office 

furniture, and in machine parts, are usually from the finer 

particles which stay in suspension for longer periods. 

Wind Erosion Control 

Vegetative cover, surface roughness, and degree of 

cloddiness are the three most important factors influencing 

erosion of soil by wind (Chepil and Woodruff, 1954, p. 

257). Where available, vegetative (or surface residue) 

cover is the most effective form of wind erosion control, 

depending on its amount, form, and density (Fryrear, 1984). 

Most areas in the world where wind erosion is a problem 

usually have low, irregular rainfall and sparse vegetation. 

Another potential cause of wind erosion is farming 

operations which create conditions of prolonged bare, dry, 

and finely divided soil surface. 

Prevention of wind erosion is not possible, but it 

can be reduced to tolerable rates. The tolerable rate, T, 
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of soil loss is the maximum rate of soil erosion that will 

permit the indefinite maintenance of soil productivity 

(Troeh et al., 1980). In cases where this is equal to the 

rate of soil formation by natural processes, the soil can 

withstand the effects of erosion (Kirby and Morgan, 1980, 

p. 5). The T values range from two mt/ha for shallow soils 

to eleven mt/ha for deep, permeable, well drained 

productive soils (Kirby and Morgan, 1980, p. 5). Some of 

the Southern Great Plains states have annual wind erosion 

rates exceeding the tolerable rates. Fig. 1 shows Texas, 

New Mexico, and Colorado to be among the states with the 

highest erosion rates, with the rates in Texas well over 

eleven mt/ha/yr, due to its mostly sandy loam and loamy 

sandy soils. 

The principles upon which wind erosion control 

methods are based are (Chepil, 1945b) the following: 

a. Displacement of high wind velocity from soil 

surface, or reduction of the wind velocity near 

the soil surface to below threshold velocity 

(which has been determined to be between 575 to 

1350 cm/sec at 30 cm above the ground surface. 

b. Removal of abrasive material from windstream 

since its presence increases wind's detachment 

ability. 

c. Increasing soil's resistance to erosion. 
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Part 1, 1981). 
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Soil surface roughness refers to the cloddiness, 

ridge roughness, and/or vegetative cover of the soil 

surface. Cloddiness and ridge roughness, as caused by 

tillage operations, where vegetative cover is sparse, is a 

very effective method for wind erosion control. Ridge 

height, composition of particles larger than 0.84 mm (upper 

limit of partî cle size the wind can erode), ridge height-

spacing ratio, and orientation perpendicular to direction 

of wind flow, will determine effectiveness of the ridges' 

wind erosion control. The ridge-roughness equivalent, Kr, 

which is a measure of field roughness, is estimated by: 

Kr = Measured field ratio (height:spacing) * measured ridge ht 
Standard (height:spacing) ratio (1:4) 

Soil surface roughness is normally created in 

tillage operations where clods, ridges and depressions are 

created to reduce wind velocity near the surface, thus 

reducing the wind's erosivity (Beasley et al., 1984). The 

degree of erosion control due to surface roughness is 

directly related to percentage cover, stability, and size 

of the roughness (Chepil, 1943). Generally, erosion 

control ability of the roughness increases with its 

quantity, height (size), and stability (Chepil and 

Woodruff, 1954). On the other hand, it has been reported 

(Armbrust et al., 1964) that increased effective roughness 

increases wind turbulence and exposes smaller areas to 

greater wind forces for increasingly taller ridges, thus 

substantially reducing its benefits. The optimum 
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variations in roughness height for most effective wind 

erosion control has been estimated to be between 50.8 to 

127 mm, increasing with drag velocity, U* (Chepil and 

Milne, 1941a; Woodruff and Lyles, 1967). Chepil and 

Woodruff (1963, p. 271) reported an optimum ratio, 

roughness height to spacing, which represents a point where 

the cover offered by these unerodible elements is 

sufficient to prevent soil movement from starting or 

continuing. They called this The critical surface barrier 

ratio, and is equal to distance between the barriers, D, 

divided by barrier height, H. This value, D/H for 

cultivated fields range from four to twenty, depending on 

drag velocity of the wind and the threshold velocity of the 

erodible soil fractions (Chepil, 1950). Chepil and 

Woodruff (1963, p. 273) equated the ratio D/H to: 

D/H = a/(U* - U*t) [1] 

a = a constant varying with 

characteristics of the barrier, such 

as porosity, and shape; 

U* = drag velocity, and 

U*^ = threshold velocity. 

Tillage for Wind Erosion Control 

While tillage operations in farming do enhance wind 

erosion of soil, properly done, it can be very effective in 

controlling erosion. Conventional tillage (tillage to 
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obtain a clean, residue-free field surface) leaves the soil 

surface weak, bare, and unprotected from erosive wind. The 

stability and quantity of clods and ridges formed in the 

tillage operations is dependent on the soil's texture, soil 

moisture content, and type of tillage implement used (Lyles 

and Woodruff, 1962). Stability of clods and ridges formed 

under adequate moisture content and suitable implement for 

most stable clod formation decreases with increase in the 

soil's coarseness. Rainfall occurring after formation of 

these roughness elements breaks them down, leaving the soil 

surface smooth. 

The sandy loam and loamy sand soils of the Great 

Plains area, are easily eroded if unprotected, especially 

after tillage. Because of a lack of adequate vegetation 

cover due to climatic conditions of the region, 

Conservation Tillage (with use of suitable implements under 

favorable soil and climatic conditions for formation of 

stable surface roughness), has been determined through 

research to be the best method of wind erosion control in 

this area. Conservation Tillage is the practice of tillage 

(soil manipulation for any purpose) where most of the 

residue available is left on the soil surface, or a cloddy 

ridged surface formed where residue cover is not available. 

Farmers in Texas and Oklahoma started deep plowing 

for wind erosion control in the early 1940s with incentive 

programs by the Agricultural Conservation Program (ACP). 
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This is done to bring to the surface an adequate amount of 

clod-forming subsoil for wind erosion control (Chepil et 

al., 1962, p. 1). This is usually done at a 0.51 to 0.61 m 

depth, varying with depth to the finer textured subsoil. 

Deep plowing is done to bring to the surface the subsoil 

which usually contain higher clay contents. The optimum 

clay content required in the surface soil for formation of 

stable clods is 27 percent (Chepil, 1953). The effects of 

deep plowing on surface soil were: 

a. increased percent clay content; 

b. decreased percent sand content; 

c. increased organic matter, N, CaO, K^O; 

d. decreased P2O5 ^nd pH; 

e. increased percentage of clods >.84 mm and 

<.02 mm diameter; and 

f. higher mechanical stability of formed clods. 

Clods and Ridges in Wind Erosion Control 

Ridges and clods can cause two changes in the 

wind's potential for erosion. One change results when the 

surface roughness causes the wind profile to change, as is 

schematically represented in Fig. 2. As ridge and clod 

height increase, the displacement height (average effective 

roughness height), D, and aerodynamic roughness, ZQ' 

generally increase and cause the friction velocity, U*, to 

increase. A rough surface will cause a reduction in wind 

velocity at the soil surface, thus reducing the wind's 
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potential for erosion. The second effect is that stable 

clods and ridges can act as cover and directly protect the 

finer soil particles from eroding. Ridges also trap the 

erodible soil particles in the windstream in the furrows 

between them, thus reducing net soil movement (Armbrust et 

al., 1964). Armbrust et al. (1964) observed a reduction in 

wind erosion of dune sand ridges 63.5 mm high by one-fourth 

to one-third of that occurring on a bare smooth surface 

under similar wind and moisture conditions. They reported 

that 203 mm ridges of the same soil eroded more under high 

wind velocity resulting in higher soil erodibility of the 

field. A 90 percent reduction in erosion occurred when the 

ridges 63 mm and 254 mm high were used together. A 

combination of 40 percent clod cover and the 254 mm high 

ridges reduced erosion by 98 percent, while 60 percent clod 

cover alone reduced it by 89 percent from that occurring on 

a bare, smooth surface (Fryrear, 1984). 

Armbrust et al. (1964) determined erosion of ridges 

to occur on two-thirds of the height of the ridge's side 

facing the wind. An increase in erosion was observed to 

occur in taller ridges of low stability as reported by 

Armbrust et al. (1964), Woodruff and Siddoway (1965), Fig. 

5, Appendix A. On the other hand, erosion of stable ridges 

subsequently expose an inner ridge core, resulting in ridge 

stabilization, Fig. 3 and 4 below. 
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Fig. 3. Erosion of tall ridges protected with small 
size clods; clod movement and deposition at 
foot slope of ridges. (Picture from wmd 
tunnel study.) 

Fig. 4. Erosion of ridges protected with 
(Picture from wind tunnel study.) 

^ lods. 



23 

All the reviewed literature on erosion of surfaces 

with clods and ridges support the fact that erosion 

decreases with increase in roughness. Although Armbrust et 

al. (1964) and Woodruff and Widdoway (1965 showed a 

subsequent increase in erosion for taller ridges (Appendix 

A), further analysis of Armbrust's data showed the increase 

to be due to increased friction velocity at the top of the 

taller ridges. None of the literature reviewed included 

clod size as a factor in erosion control. This warrants 

investigation, since clod size is an important factor which 

should be considered during the design of tillage 

implements. 

The review of literature by Armbrust et al. (1964) 

and Fryrear (1984), reported in Appendix A, showed the 

conflict in the results obtained in these studies to be due 

to unadjusted friction velocity increase occuring at the 

top of Armbrust's tall ridges. This wind tunnel study is 

necessary for validation of this explanation. Results to 

be obtained are expected to duplicate the trend of 

Armbrust's results since wind velocity will not be adjusted 

to keep friction velocity constant for all ridge heights. 



CHAPTER III 

MATERIALS AND METHODS 

The study was carried out in the wind tunnel 

described in Appendix B. The purpose of the study is to 

determine the effect on wind erosion of clods and ridges. 

The study was also done primarily for source of erosion 

data to be used in the validation of the erosion equation 

given in Appendix A (Eq. 5). 

The 4.87 meter long, 0.5 m wide by 0.75 m high 

tunnel run by a 40-watt electric motor, produced wind 

velocities of to 50 km/hr. The 1 m long test section, 

located about 2.5 m downstream in the tunnel, has a 

removable floor. This provides access for samples to be 

introduced to the tunnel from underneath. A glass 

observation window by the test section made possible the 

observation of the processes occurring in the tunnel 

without disturbances to the wind flow. 

Wind velocity measurements were taken with two 

sets of 12 handmade pitot tube manometers, one set 0.2 m 

upstream, the other 0.2 m downstream of the test section. 

The velocity measurements (taken at 12 different heights 

above the tunnel floor) were taken at a distance 0.15 m off 

one wall of the tunnel, which is the same distance off the 

24 
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opposite wall that the sample collector was located. The 

pitot tubes were made from 0.3 m long brass tubes of 2 mm 

diameter, bent with a smooth curve to a 90° angle. One 

open end of the tube was set to sense the pressure exerted 

by the wind. This was transmitted to an alcohol filled 

glass tube through a clear plastic tube. The pressure 

caused the level of the alcohol column to rise which was 

read directly from the scale under the glass tubes as 

velocity in MPH. 

The sampler was a narrow rectangular 'box,' 19 mm 

wide by 0.25 m long, by 0.6 m high. This was set in the 

tunnel with the narrow open side (13 mm wide by 0.6 m high 

slot) facing the wind flow direction, as per zingg (1951a, 

p. 190) with an outlet at the bottom. 

Ridges and Clods 

Five sets of ridges of different heights: 25.4, 

50.8, 76.2, and 127 mm with a width to height ratio of 1:2 

(45° side slope) were used to study the effect of ridge 

height and spacing on wind erosion. Ridges were 

constructed from wood and their faces roughened with sand 

grains attached by glue. These ridges were to be used 

upstream of the test section for wind profile adjustments 

in runs involving use of soil ridges. Ridges in the tunnel 

were placed perpendicular to the direction of wind flow, 

and spaced with the ratio ridge height to spacing ratio of 
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4:1 standard ridge spacing ratio (Chepil, 1950; Armbrust et 

al., 1964). 

Three different sizes of soil clods were used. 

These were obtained by sieving the Amarillo fine-loamy, 

mixed, thermic, Aridic Paleustalf soil through different 

sizes of mechanical sieves. This was done to obtain clods 

of given diameter ranges: (1) 2 to 4.75 mm; (2) 4.75 to 

9.5 mm; and (3) 9.5 mm to 19.1 mm. 

The Amarillo fine sandy loam soil was sieved 

through a 0.6 mm opening sieve to obtain samples of the 

erodible fraction (less than 0.84 mm) (Chepil, 1943) used 

in the study. 

The Randomized block experimental design was used 

to study the effect of the treatments: (1) clod size; (2) 

ridge height; and (3) the combination of clods and ridges 

on wind erosion of the soil. 

A 3:10 clod-to-soil volume ratio was used in all 

experiments. A 1 m long by 0.5 m wide by 20 mm deep layer 

of soil with applied treatment was set in the test section, 

with upstream wind profile upstream adjusted to maintain 

uniform flow through the test section. A constant time of 

90 seconds was used throughout the experiment for each 

replication. Sample collection was started after 10 

seconds to allow for steady state conditions of wind flow 

to be obtained before initiation of sampling. Collection 

was stopped (at the lOOth second), before turning the wind 
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tunnel off. The original soil and treatment conditions 

were set for every replication of each treatment. 

Treatments 

Four replications were made for each treatment for 

validation of any variations due to the treatment. 

I. Clods: Three volumes of clods were mixed with 

10 volumes of soil to obtain a uniform mix. The mix was 

evenly spread out (to a depth of 20 mm) in the test section 

in the wind tunnel. A uniform clod cover was obtained in 

this condition. Clods of the same size as used in the 

treatment were spread out evenly on the tunnel floor 

upstream of the test section to the entrance of the tunnel 

to adjust the upstream wind profile (to control the profile 

of the fetch) upwind of soil. Similar soil conditions were 

reset for each replication. Duplications of the conditions 

were at times difficult because: 

a. It was difficult to remix the soil and clods on 

the test section after a run to obtain the 

exact conditions as the preceding replication; 

b. It was difficult to spread out the varying clod 

sizes so as to obtain an even distribution of 

all sizes throughout the test section. 

To minimize this error, at the end of each run, the 

remaining soil was removed from the test section and 

replaced with a newly treated sample. Another way was to 

determine the surface clod cover by meter-stick method. 
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This clod cover was kept uniform for all replications of 

treatments by adding more soil to bring the clods: soil 

mix to the 3:10 volumes ratio after each replication. The 

clod treatments done were as follows: (1) the control -

bare soil; and (2) soil plus clods - 3:10 clods to soil mix 

ratio. Three different clod sizes were used in the 

experiment, plus one treatment using three volumes and a 

uniform mix of all the clod sizes with ten volumes of the 

soil. 

II. Ridges: Ridges of four different heights, 

25.4, 50.8, 76.2, and 127.0 mm made from wood and cement 

were used in the study. These were made for the purpose of 

profile adjustment upwind of the test section, to create 

conditions similar to those in the ridged test section. 

Enough soil was set in the test section to create an 

erodible soil surface and protecting ridges of similar 

height and spacing (4:1 — height to spacing; spacing 

measured from crest to crest), as those upstream of the 

test section. Replications were made by adding more soil 

or soil with clod mix, as per required treatment, to 

reshape the ridges after each run. The differences in the 

ridges used in the study were in: 

1. Their heights (four different ones); and 

2. Clod size in the soil (0, 3.38, 7.13, 14.3 mm 

diameter and an even mix of all 3). 



CHAPTER IV 

DISCUSSION AND RESULTS 

A reduction in soil erosion rate with increased 

percent clod cover and ridge height was observed in the 

study (Fig. 9 and 10). This indicated proper functioning pf 

the equipment since this trend was expected. Soil erosion 

rate reduction was larger for smaller clods than for the 

larger ones. This increased efficiency in erosion control 

by clods with decrease in their size was determined to be 

due to larger specific area of smaller clods compared to 

that of larger ones. It is also common knowledge that one 

large clod would cover less surface area than many smaller 

ones of similar combined volume. This explains the 

increase in measured percent clod cover with decrease in 

corresponding clod size: 11 percent clod cover was 

measured, using meter-stick method, on soil with 14.3 mm 

diameter clods, 15 percent with 7.13 mm, 25 percent with 

3.38 mm, and 17 percent in the combination of all clods. 

On the other hand, the smallest clods appeared to be more 

susceptible to movement due to higher wind velocities. 

This movement was especially larger with taller ridges 

where wind turbulence and shear velocity increased at the 

tops. This was reflected in the slight to no decrease in 
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erosion rate which was expected with increase in clod cover 

(17 percent to 25 percent) in the taller ridges. A large 

quantity of the smallest clods was observed (Fig. 3) at the 

foot of the ridges after each run. These were from the 

sides of the ridges, driven down by the circulating wind 

occurring between them. 

Erosion was observed to occur approximately at the 

top two-thirds of the windward side of the ridges. A 

comparison of the effect of ridges and clods in their 

individual erosion control showed a superiority of clods 

over ridges. The presence of ridges alone showed a much 

smaller reduction in erosion (Table 2) than that for clods 

alone. This is contrary to findings by Armbrust et al. 

(1964), Woodruff, Armbrust, and Siddoway (1965), and 

Fryrear (1984), and also to the USDA wind erosion equation. 

In all these cases, ridge height alone was mentioned as an 

important factor in erosion control. statistical analysis 

of the data, using Analysis of Variance (using SAS-program) 

showed significant differences among erosion means, in the 

Duncan's Test five percent level, over various ridge 

heights. The differences were more significant for varying 

clod cover for each ridge height. 

The review of Armbrust et al. (1964) and Fryrear 

(1984) papers showed major differences between them, mainly 

due to differences in their experimental methods. It was 
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TABLE 2 

Effect of Percent Clod Cover and Ridge Height 
on Soil Erosion Rate 

Ridge hei 

cm 

0.00 

2.54 

5.08 

7.62 

12.7 

.ght 
% 

CM 

Soil loss, g/ 

PERCENT CLOD COVER 
0 11 15 
0 1.43 0.713 

0.44 

0.40 

0.31 

0.27 

0.61 

0.19 

0.15 

0.16 

0.15 

0.36 

0.12 

0.11 

0.11 

0.13 

0.29 

cm-sec. 

AND SIZE 
17 

0.884 

0.08 

0.09 

0.12 

0.13 

0.32 

, cm 
25 

0.338 

0.08 

0.08 

0.09 

0.14 

0.32 

* Mean soil loss values with the same letter within the 
same row are not significantly different at the 5 percent 
level (Duncan's). 
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also suspected that an error was involved in the assumption 

of constant U* in Armbrust's experiment. This was proved 

correct by recalculation of this variable from the measured 

velocity data reported in the paper. This proven 

experimental error was used to explain the large increase 

in erosion with ridge height after some optimum ridge 

height. With Fryrear's assumption of a stable core, 

depicted by the masonite ridges, the relatively short time 

it took for the thin layer of soil covering the masonite 

ridge to erode may have put too much bias on the 

experiment, and thus the outcome. 

No basis was found for comparison and use of the 

two data in the review of any one erosion prediction 

equation, and thus were separately treated. 

Conclusion 

Use of clods and ridges for wind erosion control 

was shown to be an effective method where residue or 

vegetative cover is unavailable. There was an 82 percent 

reduction in wind erosion when using 25 percent clod cover 

alone, 39 percent with 76.2 mm ridges alone, and 68 percent 

reduction for the combination of both, compared to flat 

smooth soil surface. This study showed clods to be a more 

effective method of wind erosion control than ridges under 

the conditions of the experiment, which were taken to be 

representative of actual field conditions. It also showed 

a reduced erosion control efficiency of ridges due to 
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excessive height. Although some climatic conditions which 

may prove destructive to clods in field conditions (such as 

rainfall, freezing, and thawing) were not represented in 

this study, the importance of clods will probably remain 

more important than those of ridges since these climatic 

conditions will act similarly on them in the field. 

The study also showed clod size to be a factor in 

the amount of cover they give, thus their effectiveness in 

wind erosion control. This indicated that tillage, using 

implements which create a surface with more clods of some 

minimum optimum size, should increase the soil's resistance 

to wind erosion than with larger (and more often, fewer) 

clods. 

Reevaluation of published data was done and the 

results reported in Appendix A. Analysis of the new model 

with both the published data and that obtained from the 

wind tunnel study reported in this thesis showed the model 

to be adequate for applications in erosion studies. This 

analysis and obtained statistical significance of the model 

are reported in the results discussion section in Appendix 

A. 
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A Ridge and Clod Wind Erosion Model 

Introduction 

Soil erosion is a major social and economical 

problem. By definition, it is the removal of top soil from 

one area and the transportation and deposition to another 

location by an eroding agent such as wind or water. The 

process degrades both the soil and the environment. Soil 

loss estimates are a necessary part of damage assessment 

and selection of control methods. Soil erosion caused by 

wind, hereafter referred to as wind erosion, causes most 

damage during the transportation stage. Damages vary 

depending on the wind velocity, rate of soil movement, and 

duration (Fryrear and Downes, 1975), An equation for 

making these estimates is essential for: 

1. Making soil loss predictions from fields, and 

2. Evaluating protection offered by management 

alternatives (Woodruff and Siddoway, 1965). 

Crop residue and vegetative cover are effective 

means for protecting the soil from wind erosion, but both 

are in short supply in arid regions due to climatic 

conditions. Residue and dry vegetation matter are 

important sources of fuel in developing countries. Due to 

the high demand for these forms of plant matter, the land 

is often stripped of all forms of vegetation, leaving the 

soil bare and unprotected from the wind. In such areas, 
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the use of clods and ridges for wind erosion control is 

necessary and possibly the only accepted method of control. 

The literature reviewed on the use of clods and 

ridges for wind erosion control yielded conflicting 

results. Armbrust et al. (1964) reported clod and ridge 

data which suggested a continuous decrease in wind erosion 

with increase in ridge height to a point, followed by an 

increase with further ridge height increase. Fryrear 

(1984), on the other hand, observed that an increase in 

ridge height always caused a decrease in erosion. This 

difference could be due to several causes, such as: 

1. Erroneous data, 

2. Erroneous data analysis, 

3. A combination of the above, or 

4. Differences in experimental techniques. 

Resolving this conflict is especially important 

since the USDA wind erosion equation (Woodruff and 

Siddoway, 1965) has a curve similar to Armbrust's (1964) 

for effect of ridges. If it is found that Armbrust's data 

does not explain all variations of ridge conditions, then 

it would also be true that the USDA wind erosion equation 

does not explain all variations of ridge conditions and at 

best is incomplete. 

Objectives 

The objectives of this project were to re-evaluate 

published data sets to test a wind erosion prediction 
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equation formulated by Gregory and Borrelli (1986). A 

secondary objective was to resolve the conflicting results 

reported in the literature. The primary data for this 

analysis were that reported by Armbrust et al. (1964) and 

Fryrear (1984). Finally, the model developed by Gregory 

and Borrelli (1986) was further tested with new data 

obtained from a wind tunnel experiment on clods and ridges. 

Literature Review 

Modeling efforts to explain how clods and ridges 

change soil detachment and movement have been primarily 

empirical. Zingg (1951b) observed a curvilinear 

relationship between soil movement and ridge height. Other 

than expressing the results in graphical form, no attempt 

was made to model soil movement as a function of ridge 

height. In a similar and apparently better controlled 

experiment, Armbrust et al. (1964) obtained results similar 

in appearance to zingg's. Armbrust attempted to control 

shear velocity, U*, and thus, hold the potential for 

erosion constant for all ridge heights. This procedure 

will be discussed in detail later. Apparently based on 

these earlier experiments, the USDA wind erosion equation 

uses a curvilinear relationship expressing relative soil 

movement (ridge factor) as a function of ridge height (see 

Fig. 5). 

In contrast to this relationship and the earlier 

measured results, Fryrear (1984) found that measured soil 
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ŝ  .6 

.5 

.4 L 
0 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ! 

50 100 150 200 250 

Soil ridge roughness, Kr (nm) 
F i g . 5 . R e l a t i o n s h i p of e q u i v a l e n t s o i l r i dge 

roughness in m i l l i m e t e r s , K .̂, t o the 
s o i l r i d g e roughness f a c t o r , K . 
(Reproduced from So i l Science Socie ty of 
America p roceed ings , Volume 29, pp. 602-
608, 1965 [Woodruff and Siddoway].) 



44 

decreased as ridge height increased (Fig. 6). Although 

their experimental procedures differed, zingg (1951b), 

Armbrust (1964), and Fryrear (1984) experimentally measured 

soil loss from ridges using a wind tunnel. To our 

knowledge, no satisfactory explanation has been given for 

the contradictory results. 

To understand the effects of ridges and clods, it 

is necessary to first understand the erosion process. 

Bagnold (1943) and Zingg et al. (1952) determined the 

detachment and transport capacity of the wind to be 

directly related to the cube of U*. This assumption has 

been verified and used by many researchers in the 

development of erosion equations. 

Bagnold (1943), Chepil (1943), and Zingg (1952), 

expressed the rate of soil movement, q (mass per width per 

time) as: 

q = C (d Da/R g) U*^ (2) 

where C = a soil particle size and uniformity constant, 

d = average soil particle diameter, mm, 

Da = air density, g/mm-^, 

g = gravitational constant, mm/sec , 

R = soil grain standard diameter (0.25 mm), and 

U* = shear velocity, mm/sec. 

Kawamura (1951) took into account the soil's threshold 

shear velocity, U*^, as a factor and obtained the following 

equation: 
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q = (C Da/g) (U* - U*^) (U* + U*^)^ (3) 

where c = an empirical constant, experimentally obtained 

in the wind tunnel, 

U*^ = threshold shear velocity, and 

Da, g and U* are as described above. 

Gillette (1986) reported that Lettau had revealed in a 

personal communication (1973) that the horizontal mass flux 

(mass/width/time) fit the equation: 

q = k U* (U* - U*t) (4) 

where k = a constant which Gillette (1981), with field 

data found to be 

4.0 X 10"^, and 

U*^ = threshold shear velocity, cm/sec. 

None of these models make any provision for 

reducing wind erosion with ridges or clods other than the 

indirect effect on U*. 

Gregory and Borrelli (1986) formulated the 

following equation to express soil detachment as a function 

of both the wind profile shape and stable cover: 

M = (S U*2 - U*t^)U*I (5) 

where M = soil detachment, g/cm-sec, 

I = soil erodibility factor, g 

S = a surface cover factor, which expresses the 

amount of detachment and energy at the top of 

the cover which is transferred to the surface. 

(1 + ((h(,/hg) - DFj,)^ 
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F^ = fraction stable clod or residue cover, 

h^ = clod or residue height roughness, cm, and 

hg = soil surface roughness height, cm. 

The group of terms ((ĥ /̂hg) - 1) can be replaced with one 

coefficient, a, making the equation: 

S = il-Z-^c^ 
(1 + aFc)2 (7) 

With substitution, equation 5 becomes 

M = [ ii-Z-Zc^ U*2 - U*t^]U* I 

(1 + aFc)2 (8) 

All of the mathematical models reviewed use the 

value U*. This value is related to the wind velocity at 
different elevations with the following equation: 

U = U* in (Z' - D) 
K ZQ (9) 

where U = wind velocity, cm/sec, 

K = Van Karman constant, equal to 

0.4 for neutral conditions, 

Z = elevation at which U is measured, cm, 

D = displacement height, cm, and 

Z = aerodynamic roughness length, cm. 

If velocities are measured at different heights, then the 

above equation can be fit to the data and U* determined. 

If the velocity is measured only at one height, then ZQ ^^^ 

D must be estimated from other information. 

Abtew et al. (1986) have developed equations for 

both ZQ and D for spheres, ridges, and plant cover. The 

equation for ZQ given is as follows: 
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ZQ = 0.13 (H - D) (10) 

where H = the actual height of the roughness elements, cm, 

and D = displacement height, 0.5 H for ridges arranged 

base to base as in experiments by Fryrear (1984) 

and Armbrust et al. (1964). 

For base to base arrangement of triangular ridges. 

(11) 

the equation for calculating ZQ reduces to: 

ZQ = .065 H 

The substitution for ZQ and D in the velocity relation 

gives: 

U = ^* In (1_Z_-LLJÍ) 

K 0.065H (12) 

If the velocity measurement is taken at the top of the 

ridge, Z = H and 
U = ÍI* In (̂  " '^ ^) 

K .065H 

which reduces to 

U = 5.1 U* 

If an elevation other than H is used for the 

(13) 

velocity measurement, the same form of equation results. 

The only difference is that the number 5.1 is replaced by 

a larger number. The above development has one 

restriction: it assumes that the wind profile is in a 

steady state condition or equivalent to wind speeds 

averaged over at least 30 minutes to obtain a reasonable 

profile. For transition areas, the ZQ should be determined 

by measuring the profile at different heights. 
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This information will not be used to re-evaluate 

the data of Armbrust et al. (1964) and Fryrear (1984). 

Re-Evaluation of Armbrust's Data 

Armbrust et al. (1964) used a wind tunnel to 

evaluate the effect of both ridges and clods. They set the 

tunnel bottom even with the furrows between the ridges, 

thus exposing the entire ridge height to the wind. Dune 

sand was used for soil and in construction of ridges in 

the experiment. Velocity measurements were taken at the 

peaks of the ridges with pitot tubes and alcohol 

manometers. The experiments were run at three 

predetermined friction velocities obtained by adjusting the 

wind velocities for each ridge height. The velocities were 

predetermined using the relation below: 

U^ = 5.75 U* log(z/Zo) (14) 

U™ = velocity at reference height, Z, cm, 

U* = friction velocity, cm/sec, and 

ZQ = velocity-height intercept, cm. 

The Z value was obtained by plotting the vertical wind 

velocity profile measured above the soil surface against 

logiQ height, and read as the zero velocity-height 

intercept. This probably caused some error in the U* 

calculations since the ZQ value used was for a smooth 

fallow surface and not adjusted for displacement due to 

rough surfaces. Calculations for U* using the ZQ values 

obtained with the equation by Abtew et al. (1986) and 
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velocity measurements reported by Armbrust et al. (1964) 

revealed small errors, usually not more than 10 percent. 

These small errors, however, can result in major changes in 

calculated soil loss where the friction velocity is cubed. 

Data obtained in the experiment was reported as soil loss 

rate per unit width per time (g/cm-sec). Recalculations 

for U* with the reported velocities gave relatively higher 

values than were assumed (constant) in the experiment for 

the taller ridges, explaining the reported increase in 

erosion for ridges taller than 50.2 mm. 

The data by Armbrust et al. (1964) were applied on 

this model (equation 5) for statistical analysis with MERV 

(Gregory and Fedler, 1986). The U*^ value was assumed to 

be approximately 30 cm/sec for the fine sandy loam soil 

(Gillette, 1986, p. 131). Values of U* used in the model 

were those calculated from the velocities measured at ridge 

tops and reported by Armbrust et al. (1964) with the 

exception of four points. Four velocity measurements out 

of 18 measurements did not follow the trend of the other 14 

points. Values for these four points were estimated 

graphically using the trend of the other 14 points. Two of 

the coefficients in the model, "a" and "I", were taken as 

unknowns to be determined in the analysis. 

A value of 0.84 for "a" was obtained which appeared 

to be reasonable. For "a" equal to 0.84, ^^/^3 in equation 

5 must have a value of 1.84. If the surface soil 



roughness, hs, is equal to the soil particle size of 0.84 

mm as reported by Armbrust et al. (1964) then h^ will have 

a value of 1.55 mm. This is equivalent to 37 percent of 

the 4.2 mm clods being exposed above the soil surface. Our 

observation of exposure in the new experiment was 

approximately 50 percent. Based on this relatively good 

comparison, it can be concluded that most of the erosion 

measured in the experiment by Armbrust et al. (1964) came 

from the top of the ridge. The value for "I" was found to 

be 4.4 X 10""̂ . 

With these calibration values, the model by Gregory 

and Borrelli (1986) (equation 5) fit the data of Armbrust 

et al. (1964) with an R^ value of 0.837 which was 

significant at the 99.9 percent level (Ct= 0.001). A plot 

of the measured vs. calculated data is given in Fig. 7. 

From this analysis, it was concluded that the 

curvature in the measured erosion reported by Armbrust et 

al. (1964) was aue to the wind profile changes rather than 

due to a true effect of ridge height. 

Re-evaluation of Fryrear's Data 

Fryrear (1984) also investigated the effect of clods 

and ridges on wind erosion. The experiment was conducted 

with a portable field wind tunnel using rectangular 

masonite ridges covered with a 10 mm layer of erodible 

(<0.42 mm) fine sandy loam soil. He used artificial clods 

made of concrete. The ridges were arranged in the tunnel 
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Measured Soil Loss, g/cm-sec. 

Fig. 7. Measured relative soil loss rate versus 
calculated soil loss rate (with Gregory and 
Borrelli [1986] erosion equation.) Data 
from Armbrust et al. (1964). 
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perpendicular to the direction of wind flow, and the tunnel 

bottom positioned 20 mm below the top of the ridges. The 

furrows between the ridges were sealed with flat metal 

plates extending from the bottom edge of the tunnel to the 

bottom of the furrows. wind velocity measurements were 

made at various heights above the ridges, and soil loss 

recorded at variable time intervals and totalled to provide 

a 10 minute soil loss rate. it was observed that the 10 mm 

layer of soil covering the masonite ridge was eroded from 

the windward side of the ridge after about four minutes, 

exposing the nonerodible core. 

The results reported indicated a reduction in 

erosion as ridge height increased, with no subsequent 

increase like that observed by Armbrust et al. (1964). 

Further analysis of the experimental procedure revealed a 

simple explanation. 

The total soil loss represents the total amount of 

soil removed from the system until the ridges were 

stabilized on exposure of the core. The main variable is 

the thickness of the soil layer. Since erosion occurs at 

or near the top of the ridge on the windward side, soil 

loss should be directly proportional to the number of ridge 

tops in the system. Because the experiment was conducted 

with triangular ridges positioned base to base, the number 

of ridge tops in the tunnel is inversely related to ridge 

height. This explains why Fryrear (1984) observed an 
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inverse relationship between measured erosion and ridge 

height. 

The clod cover adds stability to the system, thus, 

soil erosion should be further reduced as clod cover is 

increased. Based on these observations, Fryrear's data 

were modeled with the following equation: 

y = ^ " ^ OÍ-IH) 

(1 + aF)2 ^" (15) 
where y = total soil loss, g, 

F = fraction of clod cover, 

H = height of ridge, cm, and 

a and 1 = calibration coefficients for given system. 

Fryrear's (1984) data yielded "a" and "1" values of 

0.6 and 12.1, respectively, with an R^ of 0.719 which was 

highly significant (CC= .001). A plot of measured versus 

predicted is shown in Fig. 8. 

It should be noted that the prediction model tended 

to over-predict erosion for small heights of ridges and 

under-predict for large ridge heights. While this was a 

minor error, it can be explained by the cover factor 

reported by Gregory (1984) and used here to model the 

effect of clods. As the ridge liner becomes exposed, it 

begins to act like cover. The fewer the number of ridges 

(smaller the fraction of cover), the taller the cover must 

be to give the same protection. In this case, the taller 

the exposed masonite, the larger the amount of erosion that 

occurs per ridge top. 
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Measured Soil Loss, g 

F i g . 8. Measured t o t a l s o i l l o s s ve r sus c a i c u i a t e a 
s o i l l o s s (wi th equa t ion 14.) Data from 
F r y r e a r ( 1 9 8 4 ) . 
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Finally, Fryrear's (1984) data further emphasizes 

that erosion occurs at the top of the ridge and any 

conservation practice that stabilizes the ridge top will 

stabilize most movement as long as the wind is blowing 

perpendicular to the ridge. Note that the loose soil on 

the sides and bottom of the ridge did not move. In fact, 

Fryrear (1984) reported that erosion almost ceased after 

four minutes when the masonite became exposed. 

Evaluation of New Data 

The results of the wind tunnel study (Table 2) 

partially matched those by Armbrust et al. (1964) and 

Fryrear (1984). Like both Armbrust and Fryrear, a decrease 

in measured erosion with increase in both clod cover and 

ridge height was observed in the experiment (see Fig. 9 and 

10). This trend of change in erosion with ridge height 

followed that reported by Armbrust, where erosion started 

increasing after some optimum ridge height was exceeded. 

The results, unlike either of the two, showed a strong 

correlation between clod cover and erosion, with little or 

not correlation for ridge height and erosion. This is 

contrary to not only these two literatures, but also to the 

USDA wind erosion equation where ridge roughness rather 

than clod cover is an important factor in erosion 

predictions. 

In this study, clods of varying sizes, 3.38, 7.13, 

14.3 and 8.84 mm (average of mix of all sizes), were mixed 
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F i g . 9 . Soil loss rate versus clod cover for 
25.4, 50.8, 76.2 and 127 mm ridge 
heights. Data from the wind tunnel 
study (1986). 
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0% 
Ridge Height, mm 

11% o 15% 17% 25% 

Fig. 10. Soil loss rate versus ridge roughness, 
K, mm for 0, 11, 15, 17, and 25 
percent clod cover. Data from the 
wind tunnel study (1986). 
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with erodible soil of particle size less than 0.6 mm 

diameter. ' Although a constant clod to soil volume ratio 

(3:10) was used in each mix, percent clod cover increased 

with decrease in their size. This can be explained by the 

fact that specific area of any body will increase with 

decrease in its size, and that one big body will cover less 

surface area than several smaller ones of equivalent total 

volume. 

Ridges used in the study were 25.4, 50.8, 76.2, and 

127 mm high, with a height-width ratio of 1:4. The ridges 

were arranged perpendicular to the wind direction in the 

tunnel with height: spacing ratio of 1:4. Wood ridges 

with surfaces roughened with glued on sand grains were used 

in the entire tunnel upwind of the test-section to create a 

uniform and steady wind profile over the test-section. The 

ridges used in the test-section were constructed from soil 

or the soil-clod mixture, as was required, to form ridges 

of similar size and shape to that of those used for profile 

adjustment. This gave uniformity in clod cover and 

roughness to the ridges and furrows between them. 

Evaluation of the model (equation 5) with the wind 

erosion data obtained in this study produced results 

fitting the conditions and materials used in the 

experiment. We obtained 2.67 and 8.5 x 10"^ for "a" and 

"I", respectively. This data fit the model with an R^ of 
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0.715 at 99.9 percent significance level (CC= 0.001) (see 

Fig. 11). 

Summary and Conclusion 

Although the two literatures reviewed were similar 

in their subject of study, they were completely different 

in study methodology and thus, the results obtained. They 

both fitted the equations formulated for each adequately. 

Both equations appear suitable for use in the field with 

laboratory determinations of the coefficients "a" and "I" 

for given field conditions. 

The wind tunnel study results conflicted with those 

by Zingg et al. (1952), Armbrust et al. (1964), and Fryrear 

(1984) in the importance of ridges on erosion control. 

These studies had ignored clod cover as a separate and 

important factor in wind erosion control but emphasized the 

importance of ridge roughness. This study's results showed 

a reversal of position of these two factors and thus, 

questioned the curreht USDA wind erosion equation's use of 

clod cover and ridge roughness factors in erosion 

predictions. 

The two evaluations of the equation by Gregory and 

Borrelli (1986) show it to be an adequate model with 

potential for applications in wind erosion studies. 

Further studies, with either field ridges or more stable 

ridges than those constructed from presifted soil in the 

laboratory, will be required for validation equation 15, 
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Fig. 11. Measured soil loss rate versus 
calculated soil loss (with Gregory and 
Borrelli [1986] equation). Data from 
the wind tunnel study (1986). 
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which also appears to be adequate for applications in the 

field. 



APPENDIX B 



64 

Wind Tunnel Construction 

A wind tunnel is a useful and necessary tool in the 

studies of mechanisms of wind erosion, assessing abrasive 

damage to growing plants, and evaluating the effectiveness 

of wind erosion control practices (Armbrust and Box, 1967; 

Zingg, 1951a). study of wind erosion in the field is often 

difficult and complicated due to lack of control of most 

factors responsible for its occurrence. Whereas the 

process of erosion may be difficult to accurately simulate 

in any laboratory, the wind tunnel makes possible 

simulation of some of the factors of this process, if it is 

well constructed. Zingg (1951a) defined a well constructed 

tunnel as one which (1) must be capable of producing an 

airstream free of general rotation, and of known and steady 

characteristics; (2) must be durable; (3) safe to use; (4) 

should have sufficient size to afford free movement and 

representative sampling of eroding material, and (5) must 

produce wind flow patterns comparable to natural winds. 

The main objective for the construction of the 

tunnel was an initiation of the efforts to set up a 

laboratory for wind erosion and plant abrasion studies in 

the departments of Agricultural Engineering and Plant and 

Soil Science. The immediate objective for its construction 

was for its necessity in the research at hand on use of 

clods and ridges for wind erosion control which is reported 

in this thesis. 



65 

A blow type wind tunnel with two sections 2.43 m 

long by 0.5 m wide by 0.75 m high was constructed between 

September 1985 and April 1986 in the annex in the 

Agricultural Engineering Department. No decision was 

necessary on the type of tunnel (blow, circulating, or 

suction) to be constructed since the available motor and 

blower to be used in generating the wind was a blowing 

type. The 40-watt electric motor and blower available was 

removed from an old cotton gin in the Agriculture 

Engineering Annex. Also available were pipe sections to be 

used in the transmission of wind from the motor into the 

pressurizing chamber. 

The pressurizing chamber wás a 1x1x1.2 meter box 

made from plywood with one side open for connection to the 

tunnel. The two tunnel sections were also made from 

plywood. The interior of each of these sections was sanded 

smooth and painted to minimize drag of the wind against the 

surfaces. The entrance from the pressurizing chamber into 

the tunnel was closed with a double layer of masonite with 

honeycomb pattern of 25.4 mm holes drilled in them. One of 

the two masonite pieces was sawed into several sections to 

run horizontally across the door, to be used as dampers for 

control of the wind profile in the tunnel. These were 

necessary for control and maintenance of a uniform wind 

profile through the test section. 
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The test section was positioned 2.5 m downwind of 

the entrance from the pressuring chamber into the tunnel. 

This was a window, 1 m long, cut on the tunnel floor, 

fitted with a door to be removed or closed as needed. A 

side window, fitted with a plexiglass door was made in the 

tunnel side at the same position with the test section for 

observation of the experiment while in progress without 

having to open the window. 

The dust collector was made by cutting a slot on 

the floor, 13 mm wide by 0.3 m long along the direction of 

wind flow, 0.15 m off one wall of the tunnel. The slot was 

f itted with a narrow iron box with one side open into the 

wind, 13 mm wide by 0.6 m high. The open bottom face of 

the box was f itted into the slot to exhaust under the 

tunnel where a bag attached to the underside of the tunnel 

led into a container to catch the dust. 

Wind velocity measurements were taken at two 

different positions, one 0.4 m either side of the test 

section, with hand made alcohol pitot tube manometers. 

Measurements were taken at 12 different heights above the 

tunnel floor, shorter intervals closer to the floor 
I 

widening with height. Brass tubes, with a 2 mm inner 

diameter bent to a 90° angle, were introduced into the 

windstream through a hole made in the tunnel wall where 

measurements were to be made. These tubes, with one open 

end facing the wind, detected the pressure due to the wind 



67 

which they transmitted down the connecting clear plastic 

tubes to the U-shaped, alcohol filled glass tubes. This 

pressure caused the alcohol level to change, and the change 

was read off a scale made specifically for this purpose, 

placed under the glass tubes and calibrated to be read as 

wind velocities in MPH. A single clamp was made to hold 

the alcohol level constant after each run to be read at 

will, just like one used by zingg and Chepil (1950). 

This tunnel worked satisfactorily in the experiment 

on use of clods and ridges for wind erosion control 

reported in this thesis as projected by the results 

obtained. These results obtained paralleled those reported 

before on similar studies, like that by Armbrust et al. 

(1964) and Fryrear (1984). 

Although this was a relatively inexpensive tunnel, 

it will work on any such studies like wind erosion, plant 

abrasion by wind and other wind mechanics studies. 
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