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ABSTRACT 

The effects of different independent variables on 

the magnitude of soil erosion caused by rainfall were 

investigated. Ten variables are included in this study: 

slope inclination, rain intensity, grain size distribution, 

water content and dry density, compactive effort, method 

of compaction, curing conditions, temperature at testing, 

plasticity, and sample length exposed to runoff. 

Three approaches are used to compare the amount of 

erosion. First, variables are plotted in relation to 

erosion; second, complete comprehensive tables relating 

these variables to erosion are presented. Third, erosion 

is related to combined variables of quantitative values 

such as slope steepness and rain intensity, using multi

linear regression formulas that show the degree of signifi

cance of each of the variables. For qualitative variables, 

such as method of compaction, a direct comparison by the 

use of tables and graphs is presented. 

xi 



CHAPTER 1 

INTRODUCTION 

Erosion refers to the process of detaching and 

transporting soil particles by erosive agents. Soils have 

varying degrees of detachability and transportability; sand 

has a higher detachability than silt, which in turn has a 

higher detachability than clay. The transportability in

creases as the grain size decreases from sand to silt to 

clay • 

The erosive agents which detach and transport are 

man, animals, wind, air, and water. Water as an erosive 

agent can be found in the form of rain, snow, streams, and 

rivers. This study is concerned only with rain as an 

erosive agent. 

Erosion by rain water could be either by drop 

impact or by surface runoff. Both detachment and transpor

tation of soil particles could be the product of drop 

impact and/or surface runoff. These two erosion types 

erode the soil differently. Erosion by drop impact is the 

product of drop impacting and splashing away of soil 

particles, while surface runoff erosion is the product of 

rolling and lifting soil particles by shear forces. 

1 
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In the past, the study of rain erosion has been the 

province of soil scientists and agriculturalists; most of 

this research has been concerned with the effects of rain 

erosion on farming and top soil. The effects of rain 

erosion on engineering structures such as ditches, 

shoulders, embankments, and earth dams--in other words, on 

compacted soils--have not received the same degree of 

attention. The importance of research in this area may be 

gauged by observing rain erosion in semi-arid areas. 

Bare, unprotected embankments and shoulders can be 

eroded extensively by rainfall. Some of the fine eroded 

material may settle in reservoirs, while coarser material 

usually rests at the base of the slope and needs to be 

removed. Because compacted slopes usually protect 

structures like roads and dams, extensive erosion of these 

compacted slopes will leave the structures unprotected and 

vulnerable to failure. 

Because of the various damages caused by rainfall 

erosion, the protection of exposed land surfaces against 

erosion from rainfall splash and runoff is significant. 

The following study deals with different engineering 

factors affecting the rain erodibility of compacted soils. 

Scope 

The preservation of rain-exposed engineering-

compacted soils requires the prediction and control of soil 



erosion. The major objective of this dissertation is to 

establish basic relationships between soil erosion and the 

different factors affecting it. The factors studied are 

slope inclination, rain intensity, grain size distribution 

water content and dry density, compactive effort, method 

of compaction, curing conditions, temperature, plasticity, 

and sample length exposed to runoff. Each of these ten 

independent variables is studied by fixing nine variables 

and varying the remaining one. 

Three different slopes were used: 4.5°, l4°, and 

26.1°. Intensities of 1*3, 1*98, and 2.65 in/hr were used 

The soils were a silty clay, a sandy clay, and a clayey 

sand. Samples were compacted at optimum, at 97*5% density 

wet and dry of optimum, and at 95% density wet and dry of 

optimum. Standard AASHO and modified AASHO were the two 

compactive efforts used, while static and impact were the 

two methods of compaction. Curing times of immediately 

after compaction (as molded), 28 days at constant water 

content, and 28 days at 50% humidity were used. All 

samples were cured at 70°F. The temperatures at the time 

of testing were 95°F and 55°F. Soil plasticity was varied 

by either adding lime to reduce it or by adding bentonite 

to increase it. Two kinds of samples were used: one 

having a three-inch width, eighteen-inch length, and one-

inch height (parallele piped), and another four inches in 

diameter and one inch in height (cylinder). 
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By fixing all variables and plotting the erosion at 

three different slopes, one can compare the effect of slope 

inclination on the rain erodibility of compacted samples. 

The same procedure is followed for the intensity, compactive 

effort, etc. Different relationships and equations are the 

products of studying the effect of erosion on each variable 

and on different combined variables. 

The ultimate goal of this study is to enlighten the 

engineer and contractor on the factors that control and 

reduce the rain erodibility of structures built with 

compacted soils . 



CHAPTER 2 

LITERATURE REVIEW 

Many factors affect the erosion of soil by rain. 

Nichols and Sexton (1932) list soil erosion as a function 

of soil composition, structure, surface condition, and 

water application. Like many scientists studying soil 

erosion, they were interested in the protection of land 

against erosion for agricultural purposes. In this chapter, 

the state of the art will be presented for each individual 

variable mentioned earlier, along with some other variables 

related to the subject of erosion. 

Slope Inclination 

Duley and Hays (1932), after testing the erodi-

bility of soils by runoff placed in tanks at greenhouses, 

state that as the slope increases from zero to 2 per cent, 

there will be a rapid increase in the rate of runoff. As 

the slope increases from 2 to 4 per cent, the increase in 

the rate of runoff will be more gradual. After k per cent, 

there will be a gradual increase in the rate of runoff. By 

measuring the relationship between the amount of erosion 

and the degree of soil slope for a silty clay, Duley and 

Hays found that erosion increases slightly with an increase 

5 



of slope at a low (between 0 and k%) slope. A greater in

crease in erosion was seen for slopes above 4 per cent. 

In the same year, Nichols and Sexton (1932) found 

that erosion of field plots 50 by 15 ft increased at a very 

slow rate as the slope increased from 0° to 12°; and for 

any slope beyond 12°, the erosion increased at much higher 

rates. They therefore defined the slope between 11° and 12° 

as the critical slope for erosion. 

Musgrave (19^7) claimed that the amount of erosion 

per unit area is directly proportional to the degree of 

1  •  3 5  
slope raised to the power 1-35 or EaS %J where E is 

erosion of dry soil in tons per acre and S is slope in per 

c ent. 

By measuring the amount of soil splashed from soil 

pans placed in the field, Free (1952) found that the splash 

losses of soil at zero elevation from the surface were 70 

per cent of those which were placed on a wooden table 

approximately 2 ft high. These results seem justifiable 

since, at ground surface, soil splashes out and into a 

given area, while for elevated samples, the soil simply 

splashes out. 

Osborn (1955) contended, on the basis of laboratory 

experiments in which individual raindrops struck standard 

sand at varying angles, that the amount of eroded sand 

moving down the slope was about 5 plus the percentage of 

the slope. These results seem justified since particles 



moving downslope travel a longer distance with gravity than 

those going upslope against gravity 

Wischmeier , Smith, and Uhland (1958) formulated the 

following equation: A = 0.43 + O.3OS + 0.04S2 where A is 

soil loss in tons per acre, and S is per cent slope. In 

this equation, the erosion is a function of the slope only, 

which is not the case in practice. 

Meyer and Monke ( 1 9 6 5 )  said that for 1-1/2 inches 

of rain, one per cent slope runoff occurs as sheet flow 

with no soil movement. At a k% slope, the runoff erosion 

takes place as short, fat rills, and the flow has lateral 

components. For a 7% slope, erosion takes place faster 

and more directly down the slope, manifesting itself as 

craters and short chutes. For a 10% slope, erosion takes 

place in a more rapid fashion and is characterized by long 

rills and narrow chutes. For a 13% slope, erosion also 

occurs rapidly, and because of soil movement, rills are 

less pronounced. For a l6% slope, erosion is uniform. 

By eroding agricultural soil with a rain simulator, 

Barnett and Rogers ( 1 9 6 6 )  stated, the slope to the 

1 • 7 
power 1.7 (S * ) explained 75% of the soil loss per 

storm. 

Foster and Martin ( 1 9 6 9 ) ,  after compacting their 

soil in steel channels and placing them under the rain 

simulator, found that there was a unique slope for a given 

unit weight at which maximum erosion takes place. 
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Rain Intensity 

Nichols and Sexton (1932) found that for similar 

conditions of soil and vegetation cover, one-half inch of 

rainfall caused more erosion than three-fourths of an inch 

of rain. They stated that this difference can be partially 

explained by the variation in intensity at which rain was 

applied. 

Ellison (l9^7c) found by laboratory experiments 

dealing with the effects of infiltration and surface runoff 

a.!, x o viA- 33-.1 '07-rO .65 . _ on soil erosxon that E = Kv -^d I , where E equals 

the relative amount of soil splashed during a thirty-minute 

period, K equals constant of the soil, V is the velocity of 

raindrops in feet per second, d is the diameter of raindrops 

in millimeters, and I equals inches of rainfall per hour. 

Thus, splash erosion is directly proportional to the 

velocity and diameter of raindrops and to rain intensity. 

All the characteristics of the eroded soil are combined in 

a single factor referred to as a soil constant K. 

According to Bennett, Bell, and Robinson (1951), 

soil pores are often sealed by heavy rains, and the layer 

openings are filled with soil strained from muddy infiltra

tions. This condition reduces the absorption ability of 

the soil, resulting in an increase in runoff and erosion. 

Free (1952) found that the erosion is directly pro

portional to the amount of rain. This erosion is a 



combination of wash off and splash erosion, but the wash 

off erosion does not increase with the amount of rain. 

Ekern (1954) found that the total erosion is 

directly proportional to the rain intensity raised to the 

power of 1.46. Wischmeier and Smith (1958) formulated the 

following equation based on data published by Laws and 

Parsons (1943): y = 916 + 331 log X, where y is kinetic 

energy in foot-tons per acre-inch, and X is the rainfall 

intensity in inches per hour. The best single variable 

found for the prediction of soil erosion, according to 

Wischmeier and Smith (1958) is the product of the storm-

maximum 30 minutes intensity and the total rainfall energy. 

This factor is called the EI of the storm, where E is the 

total rainfall energy, and I the storm-maximum 30 minutes 

intensity. They found that rain erosion increases linearly 

with the increase of the EI. 

By studying the erosion caused by 98 rainstorms 

between 1940 and 1952, Barnett (1958) derived the following 

equation, using the linear regression for a maximum of 60 

minutes rainfall intensity: E = 3«33X - 0.73, where E is 

estimated erosion in tons per acre per storm, and X is 

equal to 60 minutes maximum rainfall intensity in inches 

per hour. 

Rogers, Barnett, and Cobb (1964) maintained that 

soil loss increases with intensity for all rainfall 

quantities, and that a multiple of the amount of rainfall 
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and the rain intensity explain 8l per cent of the variation 

of the soil loss data obtained from field plots eroded by a 

rainulator. They said that Y = 0.433X - 0.24, where Y is 

soil erosion in tons per acre, and X is the intensity in 

inches per hour multiplied by the amount of rain in inches. 

They also found there was a higher correlation between 

erosion and rainfall intensity. (An evaluation of rain 

intensity literature would verify that an increase in rain 

intensity causes an increase in the amount of eroded soil.) 

Grain Size Distribution 

Middieton (1930) conducted a soil study, defining 

all the soil characteristics and their relationships to 

erosion. His work launched many scientists' interests in 

the problems of erosion. Middieton classified soils as 

erosive and non-erosive, and claimed that the specific 

gravity of the non-erosive soils is higher than that of 

erosive soils. From the tables in his paper it can be seen 

that the sandy and silty soils erode more than clayey soils. 

In their tests using greenhouse soil tanks, Duley 

and Hays (1932) observed that for low slopes, it is easier 

to erode clayey soil than the more granular soils while it 

is easier at higher slopes (greater than l6%) to erode 

silty and sandy materials than clayey materials. 

Baver (1933) claimed that the water velocity is 

directly proportional to the size of soil particles . A 
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velocity of 0.25 ft/sec is needed to move silty particles, 

while a water velocity of 1.00 ft/sec is needed to move 

sandy particles. 

Ellison (l9^7a) discussed the effect of grain size 

on the detachability and transportability of soils. He 

claimed that transportability increases from a fine sand to 

a loam (silt) to a clay; while detachability increases from 

a clay to a loam (silt) to a fine sand. Ellison concluded 

that because clays are low in detachability and high in 

transportability while sands are high in detachability and 

low in transportability, most sands and clays are low in 

erod.ibility and silts (loam) are high in erodibility. 

Bubenzer, Meyer, and Monke (1966) observed that, in 

general, the erosion rate will increase as the particle 

size decreases. However, for short gentle slopes, bigger 

particles erode more rapidly than smaller particles. 

Wischmeier and Mannering (1969) declared that soils 

low in clay and high in silt are the most erodible. In 

general, erodibility of a soil decreases as the silt 

fraction decreases regardless of whether the increase was 

in the sandy or clayey fractions. 

Water Content and Density 

Nichols and Sexton (1932) maintained that the 

degree of saturation of a soil affects its absorption 

characteristics, which in turn affects its erodibility. 



They also found that the water content of a soil affects 

the permeability and the dispersion of the soil at the time 

of the rainfall. The following example was given: 1-1/2 

inches of rainfall was applied for a period of 25 minutes 

on plots of soil having 10.78% water and at a 5°/° slope. 

The runoff was 24.37 cu ft, and soil erosion was 72 lb/acre. 

After saturation of the same plots and for similar rain 

conditions, the runoff increased to 64.87 cu ft, and the 

material eroded also increased to 3555 lb/acre. 

After eroding different compacted samples by rain, 

Grissinger (1966) found that increased antecedent water 

(water content at the start of the test) in the Grenada 

Silt Loam showed a higher stability except for water 

contents greater than 25* He also found that samples with 

higher bulk density had a higher stability against erosion 

than those of lower bulk densities. 

Foster and Martin ( 1 9 6 9 )  discovered that on a low 

slope, the highest rate of erosion occurred on the soil 

compacted at the lowest dry density, while the highest rate 

of erosion was measured for the samples compacted at the 

highest dry density on steep slopes. They also showed that 

for every given slope, there is a unique unit weight that 

yields the highest rate of erosion. 



Compactive Effort 

Foster and Martin (1969) compacted different 

samples having 21% water content and four different dry-

weights (80, 85, 90, and 95 pcf). This variation could 

only happen by increasing the compaction effort. For 

samples on a 3;1 slope ratio, there was a decrease in 

erosion as the dry density increased. For identically 

tested samples on a 2:1 slope ratio, the maximum erosion 

was at the intermediate dry densities (between 85 and 90 

pcf). In the case of a steeper slope (1:1 slope ratio) 

erosion increases with the dry density. This shows that 

the erodibility of compacted soils is a function of other 

factors besides the compactive effect. 

Method of Compaction 

Because most of the research performed previously 

was undertaken for agricultural purposes and therefore not 

concerned with methods of compaction, there was no sig

nificant information published on this topic to include in 

the literature review. 

Curing Time and Conditions 

Grissinger (1966) investigated the effect of curing 

time on the rate of erosion. Samples were compacted at 

different water contents, left to age, and then tested for 

erosion. Two results were found: (l) erosion decreases 

with the increase of antecedent water content and (2) 



samples require at least four hours of curing time to 

approach an equilibrium condition as far as erosion is 

concerned. 

There was not much emphasis placed on the curing 

condition from the variation in humidity or temperature 

point of view by any of the researchers. 

Temperature 

Grissinger (1966) found that the eroding water 

temperature and the humid aging time before erosion in

fluence the measured rates of erosion. He also found that 

an increase in temperature of the eroding water causes an 

increase in the rate of erosion. 

Plasticity 

Baver (1933) asserted that no soil particle will be 

eroded unless brought into suspension. Therefore, the 

more difficult it is to disperse the soil particle, the 

lower the erosion. Soils in which the small particles are 

granuled because of the presence of an agent such as lime 

are more resistant to erosion. There is no direct relation

ship in the literature between plasticity index and rain 

erodibility of soils. 

Sample Length Exposed to Runoff 

Ellison and Ellison (l9^7a) found that each unit of 

length added to the slope tends to increase the amount of 
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water that flows on that slope. It also increases the head 

through which water must be lowered in the process of run

off. Because the quantity of flowing water and the total 

height through which the water will fall is a function of 

the length L, the potential energy of the rainfall that 

will run off the sloping surface is directly proportional 

to L. Ellison and Ellison then present the following 

62.4 QS T2 , ^ 
equatxon: E^_ = —— L , where E^ xs the loss m eleva

tion of the surface water in foot-pound per hour, Q is the 

runoff in inches per hour, S is sine of the slope, and L is 

the length of slope in feet. 

Musgrave (19^7) found after a number of experiments 

that the amount of erosion is directly proportional to the 

length of the slope raised to the power 0.37* 

Wischmeier et al. (1958) maintained that an increase 

in the slope length leads to an increase in the soil loss. 

Rogers et al. (1964) stated that the soil loss from 75 foot 

slope length was twice that of a 35 foot length at the same 

rain intensity. They also found that soil loss (for dif

ferent rain intensities) is proportional to the length 

raised to the power 0.7* No significant amount of work was 

found on using sample geometry as a possible basis of 

studying the difference between splash erosion and runoff 

erosion. On small samples there is not a significant amount 

of erosion that could be attributed to the runoff, while 

runoff and splash erosion are important in longer samples. 
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Raindrop Diameter and Terminal Velocity 

Neal and Baver (1937) described a device for 

measuring drop impact and showed the momentum per unit area 

as a property of the rainfall. 

Horton (19^0) considered the effects of rainfall 

intensity and drop diameter on infiltration. He drew 

attention to the energy per inch of rain as an important 

property that could cause infiltration. An increase in 

infiltration means less runoff and thus less erosion. 

Yoder (19^1) maintained that the raindrop velocity 

approaches a constant value two seconds from the time rain 

begins to fall. The difference in momentum after two 

seconds is a function of the mass of the raindrop: large 

drops will have less surface contacting atmospheric 

resistance than an equivalent volume made up of smaller 

drops. Therefore, large drops have a greater velocity and 

subsequently greater momentum. 

Laws and Parsons (19^3) found that = 2 . 23I<">" 

where is the median drop diameter in millimeters , and 

I is the intensity of rain in inches per hour. 

Musgrave (19^7) stated that where E is 

the rainfall erosion, and represents the maximum amount 

of rainfall occurring in any 30-minute period. 

Ellison (l9^7b) declared that any variation in the 

drop velocity, rain intensity, and/or drop diameter will 

vary the splash of sand particles. 
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Gunn and Kinzer (19^9) mentioned that the terminal 

velocity of a drop 0.1 millimeter in diameter was 27 

centimeters per second, while a raindrop of 5*8 milli

meters diameter had a terminal velocity of 917 centimeters 

per second. 

Bennett et al. (1951) remarked that raindrop 

velocity and energy increase as the drop diameter increases 

and that the drop energy increases with the height of fall. 

Osborn (1955) reported that the erosive capacity of 

large drops is much higher than that of a fine drizzle. 

Drops vary in size from a very fine mist to nearly 8 milli

meters in diameter. Natural rain contains drops of varying 

sizes with the diameter of the raindrop increasing with the 

impact of the rain. He also stated that the terminal 

velocity of the raindrops varies with their sizes. 

Wischmeier and Smith (1958) presented a graph 

showing that rainfall intensity increases with the drop 

diamet er. 

Impact and Runoff Erosion 

Cook (1936) pointed out that laminar flow is 

practically non-erosive, and that water will be able to 

transport soil when turbulence begins. 

According to Ellison (l9^7c), particles as large 

as 10 millimeters in diameter could be moved by raindrop 

impact if they are wholly or partially submerged in water. 
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4.33 1.07 

From regression analysis, he found that E = KV 

jO.65^ where E is grams of soil intercepted in splash 

samplers in a 30-minute run of the splash test, K is a 

constant of the soil, V is the velocity of the raindrop in 

feet per second, D is the diameter of the raindrop in 

millimeters, and I the intensity of rainfall in inches per 

hour. 

Bennett et al. (1951) pointed out that soil erosion 

by water can be produced from runoff only and without the 

aid of raindrop splash. 

Ekern (1954) declared that the erosivity of a 

rainstorm is proportional to the kinetic energy of falling 

rain impact on shallow water flow. 

According to Osborn (1955), falling drops act as 

small bombs that splatter the exposed soil, lift the soil 

particles into the air, and slap them back and forth. 

After wetting the land, raindrops will cause turbulence, 

which in turn helps keep the dispersed soil particles in 

motion. Osborn asserted that the total energy of rain

drops is equal to roughly 100 horsepower on an acre, during 

a rainfall of 0.1 inch per hour. He also stated that the 

runoff capacity to erode is dependent upon the quantity of 

water involved, and the slope and configuration of land 

over which the water moves. 

Biscal ( i 9 6 0 ) ,  in evaluating the effectiveness of 

the energy of a raindrop striking a soil surface with 



different velocities, came to the following conclusion: 

1 • 4 
G = KDv " , where G is the amount of grams of sand 

splashed, K is a constant, D is the diameter of the rain

drop in millimeters, and v the impact velocity of a rain

drop in meters per second. 

Meyer and Monke ( 1 9 6 5 )  remarked that rainfall 

energy is utilized in detaching and transporting soil 

particles by splash and increasing the turbulence of the 

flow. Runoff occurs when the rate of rainfall exceeds the 

rate of infiltration of water into the soil. 

Energy of Raindrop 

Falling raindrops have energy that causes detach

ment and splashing of soil particles in different direc

tions; this energy also influences the breakdown of larger 

granules and their preparation for transportation. 

Laws (1940) maintained that as the energy per unit 

area increases, infiltration decreases and soil concentra

tion in runoff increases. 

Yoder (l94l) pointed out that the force applied by 

the impacting raindrop is dependent upon the size of the 

drops and the rain intensities. 

According to Nichols and Gray (l94l), as presented 

by Bennett et al. (1951), heavy rain (2 inches) falling on 

an area of one acre at a velocity of 20 miles per hour would 
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have enough energy to raise a seven inch layer of soil to a 

height of three feet above the land surface. 

Ekern (1953) claimed that falling raindrops have up 

to 100,000 times the work capacity of sheet flow in de

taching the soil. 

Possible parameters that influence the erosivity 

of a falling raindrop are presented by Meyer (1965) as a 

function of the kinetic and momentum energy per unit of 

drop-impact area, momentum per unit of drop area, and the 

interaction of these variables with the intensity of the 

rainfall. 

Ease of Dispersion 

Middleton (1930) determined the dispersion ratio 

as follows: 

A sample of air-dry soil equivalent to 10 grams 
of oven-dry soil was placed in a tall cylinder of 
approximately 1,200 cubic centimeters capacity 
fitted with a rubber stopper. Sufficient distilled 
water was added to make the volume a liter. The 
cylinder was closed with the stopper and was 
shaken end over end 20 times. The suspension was 
then allowed to settle until a 25 cubic centimeter 
sample which pipetted at a depth of 30 centimeters 
consisted of particles of a maximum diameter of 
0.05 millimeter. A metal tip placed on the end of 
the pipette with six radial No. 80 drill holes was 
used; through it liquid was drawn from the side 
rather than from directly under the pipette. From 
the dry weight of the pipetted fraction, the total 
weight of silt and clay in the suspension was 
calculated. The ratios expressed in percentages 
of the silt and clay so determined to the total 
silt and clay obtained by mechanical analysis is 
called the dispersion ratio (pp. 2-3). 
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He concluded that erosion decreases with the dispersion 

ratio. The dispersion ratio is a function of the ease of 

dispersion and the composition of the soil. 

Baver (1933) stated that soils will erode differ

ently depending upon the individual soil properties. One 

of these properties is the ease with which the soil 

particles are brought to suspension or dispersion and are 

ready to be transported. He pointed out that soils con

taining lime are resistant to dispersion, and thus to 

erosion. 

Anderson (1951) supported Middleton's dispersion 

ratio as an expression of the erodibility of soils . 

Degree of Aggregation 

Baver (1933) defined degree of aggregation as the 

amount of granulation. He commented that an increase in 

the granulation will increase the porosity and absorption 

of the soil, and thus reduce runoff. This reduction in 

runoff in turn reduces erosion. In his equation, Baver 

pointed out that erosion is inversely proportional to the 

degree of aggregation. 

Rainfall Simulator 

Meyer (1965) presented the advantages of a simulated 

rainfall as it yields more rapid erosion results without 

waiting for natural rain; facilitates more efficient data 

from selected conditions; is more adaptable, because of its 
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control, for field studies and laboratory research; and 

enables more controlled data due to the variation of 

variables. Meyer also described the desirable character

istics of rainfall simulating equipment as having: (l) a 

drop size distribution and fall velocity close to natural 

rainfall at equivalent intensities to those of the storms, 

(2) medium to high rates of runoff and erosion produced by 

intensities in the storm range, (3) a sufficient area for 

rain application required for erosion study, (4) portable 

e q u i p m e n t  e a s i l y  m o v e d  f r o m  f i e l d  t o  l a b o r a t o r y ,  ( 5 )  

efficient operation in winds of appreciable velocities, 

(6) accurate replica of storm, (7) uniform drop character

istics and rain densities for the duration of the study, 

(8) a vertical impact, and (9) a continuation of rain 

application maintained over all the testing area. 

Swanson ( 1 9 6 5 )  described a trailer-mounted, 

rotating-boom rainfall simulator, where the stem supporting 

the boom acts as a conduit for water, and the stem rotating 

power is supplied by the engine through the drive trans

mission . 

Morin, Cluff, and Powers (1970), after two hundred 

fifty runs of their rotating disk rainfall simulator, 

described their simulator's rain as having characteristics 

which more closely resemble natural rain than the rain 

produced by any previously used simulator. They also 

stated that their rain simulator can vary the rain 



intensity without a significant change in drop size uni

formity and distribution; their simulator has the exact 

kinetic energy per unit of rainfall as natural rain, but 

only has 99% the momentum per unit of rainfall as natural 

rain. 



CHAPTER 3 

TEST EQUIPMENT AND MATERIALS 

Static Compactor 

Tinius Olson Standard Super "L" UTM Model 60 

The Tinius Olson Standard Super "L" UTM Model 60 

was used to compact the specimens. Hydraulically operated, 

this machine applies a load of up to 60,000 pounds in both 

tension and compression. It has two power switches (stop 

and start) and two other switches used for raising and 

lowering the compaction head. This static compactor has 

loading and unloading valves which adjust the crosshead 

movement rate from 0 to 3 inches per minute. Each Super 

"L" is adjusted by a zero adjuster that compensates for 

dead weights of specimens. The accuracy of each capacity 

range is within 0-5% on the select range dial reading, or 

within 0.1% of the full range capacity, whichever is 

greater. Figure 1 shows the compactor and a soil specimen 

in the steel mold after compaction and the load has been 

released. 

Rotating Disk Rainfall Simulator 

Designed by J. Morin between 1968 and 1970 at the 

Water Resources Research Center, The University of Arizona, 

24 



Figure 1. 
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Specimen Compaction (Statically) -- 1: Tinius 
Olson Standard Super "L" UT~1 Hodel 60; 2: steel 
loading beam; J: "C" c) amp; '±: aluminum spacer; 
5: aluminum mold. 



the Rotadisk Rainulator was the rainfall simulator used in 

this research. An exact replica of Morin's instrument was 

constructed in the Civil Engineering shop using diagrams 

from Morin, Cluff, and Powers (1970) and by using the 

Rainulator itself as a model. 

According to Morin et al. (1970), by using a 

pressure-controlled high capacity nozzle and slotted 

rotating disks for regulating the impact velocity and 

intensity, the major problem in rain simulation, that is, 

trying to achieve the combination of relatively low inten

sity with realistic drop sizes and high impact, is solved. 

Morin maintains that nozzle 1-1/2H30 produces rainfall with 

characteristics closer to natural rainfall than simulators 

used in the past. Figure 2 shows the Rotadisk Rainulator 

with a description of parts. 

The best fully-cone-spray type nozzle for the 

rainfall simulator was found to be the Spraying Systems 

Company Fulljet 1 - 1/2H30. A slotted metal disk rotates 

on a vertical axis beneath the nozzle at a speed of 200 

rpm. Drops from the nozzle reach the experimental plot 

only when the aperture is under the nozzle. In any other 

position, the water is thrown toward the circumference of 

the revolving disk, where it is drained away through a 

collector pan. The excess water is returned from the pan 

through a storage tank to the supply pump for repeated use. 



Figure 2. Rotating Disk Rainfall Simulator -- 1: Water 
inlet; 2: pan; J: plastic tent; 4: canvas; 
5: aluminum plate with samples; 6: water tank. 
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The high rate of application of the pressurized nozzle is 

thus reduced and regulated. 

Mounted below the disk is a square collector pan 

with a convex bottom and an opening under the nozzle to 

pass the spray. The lower outer portion of the pan is used 

for excess water, which is returned to a storage tank 

through a pipe. A canvas sheet attached to the underside 

of the pan serves as a tent, sheltering the sloping plot 

from stray water drops. 

Connected to the storage tank is a water hose which 

supplies pressurized water to the nozzle by a 78 gpm 

(approximate) centrifugal pump driven by a one-horsepower 

electric motor. 

Because the nozzle rotates at a 10° angle from the 

vertical and at a speed of k rpm, there is more accurate 

uniformity of rain over a larger area than achieved by 

other machines. An electric gear motor drives both the 

rotating disk and the nozzle. 

In the rotating disk rainfall simulator, the 

revolution of the disks with different size openings per

mits the production of intensities from close to zero to 

full nozzle capacity (60 inches per hour with a pressure of 

0.6 atmosphere). The disks are made of 0.0^2 inch brass 

sheets shaped into shallow cones, with a 5° side slope and 

a 15*75 inch diameter. 
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The frame is constructed from 1-1/4 inch aluminum 

pipe. The center of the slope position is fixed relative 

to the rainfall, simulator and is approximately 80 inches 

below the nozzle. The erosion samples were placed on a 

slope made from a four foot square aluminum sheet divided 

into l6 slots (8 on the top half and 8 on the lower half). 

Each slot is four inches in width with a space of two 

inches between slots. Raindrops were sprayed by a spray 

type nozzle and the amount of rain allowed to fall was 

regulated by the disk's aperture angle. 

Dimensional Measurement Instruments 

Figure 3 shows the two instruments designed and 

constructed for measuring the samples after curing. The 

long instrument has a cured sample in it, and the length of 

the sample is being measured with a gauge that gives a dial 

reading accuracy of 1/1,000 of an inch. It can measure a 

sample length between 17-1/4 inches and 18-1/4 inches. 

The second instrument measures sample width and 

depth with a gauge giving readings with accuracy of 1/1,000 

of an inch. This instrument can measure sample width and 

depth between 0.9 and 3-5 inches. 

Materials 

A mixture of Desert Rose Clay and a fine river sand 

(the latter was donated by Tucson Rock and Sand Company) 

was used to produce three different soils. Table 1 shows 
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Fip:ure J. Dimensional Measurement Instruments 
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Table 1. Soil Composition and Specific Gravity 

Soil 
# 

% of 
Desert Rose Clay 

% of 
Fine River Sand 

Specific 
Gravity 

A 100 0 2.75 

B 70 30 2.69 

C 20 80 2.65 

the percentage of each soil used to produce the three 

different soils and the specific gravities of the resulting 

soils . 

The grain size distribution curves (Figure 4) were 

plotted using data obtained by performing coarse sieve, 

hydrometer, and fine sieve analyses on each of the three 

soils used in this study. 

Liquid and plastic limits and plasticity index were 

used in soil classification. The data of textural composi

tion (considering material smaller than 5 micron as clay) and 

Atterberg Limits of three soils are presented in Table 2. 

Soils are named according to the Mississippi River 

Commission and classified according to the Public Roads 

Administration Classification. Results are shown in Table 

3« For variation in plasticity, soils one and two were 

treated with 1.5% lime to reduce their plasticity index. 

They were then treated with 5% bentonite to increase their 

plasticity index. Table k presents the two soils' 
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Table 2. Soil Textural Composition and Atterberg Limits 

Soil 
# 

Sand 
°/o 

Silt 
°/o 

Clay 
°/o 

Liquid 
Limit 

Plastic Plasticity 
Limit Index 

A 30 26 kk 27-40 17-85 9-55 

B k7 21 32 22.20 15.34 6.86 

C 67 18 15 N.P. N.P. N.P. 

Table 3. Soil Names and Classifications 

Soil 
# 

Soil 
Name 

Group 
Index 

Soil 
Classific ation 

A Silty 
S andy 
Clay 

8 A-k 

B Sandy 
Clay 

5 A-4 

C Silty 
Sand 

0 A-k 



Table 4. Textural Composition and Consistency Limits 

Soil 
# Additive 

Clay 
% 

Silt 
% 

S and 
°/o 

Liquid 
Limit % 

Plastic 
Limit % 

Plasticity 
Index 

A 1.5% Liine 44.84 25 .26 2 9 . 5 5  2 9 . 8 0  2 1 . 8 0  8.00 

A 5% Bentonite 46 . 6 7  2 k .  7 6  2 8 . 3 7  47.10 21.45 25.65 

B 1% Lime 33 -00 20 .69 46 . 3 1  24.60 19-35 5-25 

B 5% Bentonite 35-24 20 .00 44.76 43 .20 18.43 24.77 



textural composition and consistency limits after 

plasticity variations. 

Compaction Tests 

Each of the three soils used were compacted as 

follows: 

1. Standard AASHO Impact Compaction (ASTM D 6 9 8 )  

having a compaction effort of 12,375 lb-in/cu ft. 

2. Modified AASHO Impact Compaction (ASTM D 1557) 

having a compaction effort of 56,250 lb-in/cu ft. 

Figure 5 shows the relationship betwen dry density and 

water content for each of the three soils. Table 5 shows 

some of the compaction characteristics of the soils. 
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Figure 5* Compaction Curves 
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(b) Soil B 

Figure 5.--Continued Compaction Curves 



38 

Standard AASHO 

Modified AASHO 

Zero Air Void 

136 

132 

128 

124 

120 

116 

112 

108 
4 6 8 14 2 10 12 

Water Content in Per Cent 
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Figure g.--Continued Compaction Curves 
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Table 5* Compaction Characteristics of the Three Soils 

Standard AASHO Modified AASHO 

Water Dry Water Dry 
Compaction Content Density Content Density 

Soil State °/o pcf °/o pcf 

A 95.0°/o Dry of Opt 10 .0 112.5 5 . 8  121.6 
97•5% Dry of Opt 11.0 115-4 6 . 9  124.8 
Optimum 12.6 118.4 9 . 6  128.0 
97*5% Wet of Opt 15-2 115-4 12.0 124.8 
95.0% Wet of Opt 16 .5 112.5 13 -2 121 6 

B 95.0% Dry of Opt 7-9 1 1 7  -0 (>. 3 1 2 6  . 5  
97-5°/° Dry of Opt 9-3 120.1 6 . 9  129.9 
Optimum 11-5 123 -2 8 . 5  133-2 
97.5% Wet of Opt 13-8 120 .1 10.4 129-9 
95.0% Wet of Opt 15 • 4 117-0 1 1 . 5  126.5 

C 95.0% Dry of Opt 7-0 120.9 5 . 1  1 2 8  . 8  
97-5% Dry of Opt 7 . 8  124.1 5 . 6  132.2 
Optimum 9 . 2  127.3 6 . 7  135.6 
97.5% Wet of Opt 1 0 . 7  124.1 8 . 1  1 3 2 . 2  
95.0°/o Wet of Opt 1 2 . 1  120 .9 9-3 128.8 



CHAPTER k 

SAMPLE PREPARATION AND 
TEST PROCEDURES 

Sample Dimensions 

The two kinds of samples used in this study were 

soil beams 3 inches wide, l8 inches long, and 1 inch in 

height; and cylindrical samples k inches in diameter and 

1 inch in height. 

Compaction Efforts 

Samples were statically compacted at water contents 

and dry densities falling along the Standard AASHO and 

Modified AASHO compaction curves obtained previously. 

Specimen Preparation bv Compaction 

The oven-dried soil was cooled for about two hours 

and covered with a plastic sheet, allowing no significant 

moisture to reach the soil. For the sake of reproducibility 

of specimens, for a given set of conditions w/c), 6.3 

kilograms were weighed on a scale with accuracy to the 

nearest gram. The specimen was then placed inside the 

mixer bowl. An additional 1% moisture content was added 

to the amount of water needed to reach the desired water 

content to compensate for evaporation losses during mixing. 

The soil was mixed with water by an electric mixer 

40 
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( Blakeslee Mixer) for ten minutes in order to ensure a 

homogeneous mixture. After the bowl was removed from the 

mixer, the soil in it was mixed using a hand scoop for two 

minutes. A wet towel was placed over the soil until the 

sample was ready to be scooped inside the molds for 

compaction. 

The molds, made from aluminum plates 1/2 inch 

thick, were designed especially for rain erosion studies. 

They have internal dimensions of 3 inches in width, l8 

inches in length, and 3 inches in depth. Removable base 

plates made of 5/l6 inch thick aluminum were cut to fit 

just inside the molds. On every plate, a notch was made to 

ease the lifting of the plate with the compacted soil on it. 

Molds with plates were lubricated with vaseline and 

placed on a scale with accuracy to the nearest gram. Before 

placing the soil in the molds, the soil was mixed with the 

hand scoop for 30 seconds, and a moisture sample was taken 

to measure the molding water content. 

The load indicator was set on a weight that had 

been calculated by adding the weights of the plate, the 

mold, and the needed soil-water mixture. A compensating 

weight of mixed soil was added to the calculated weight to 

account for the soil lost in the groove between the plate 

and the mold. If the groove was about 3/16 of an inch, 20 

grams compensating soil were added; if 1/8 of an inch, 15 
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grams were added; if less than 1/8 of an inch, approxi

mately 10 grams were added. 

After the 3 molds were filled, the soil was leveled 

by hand and the molds were covered with wet towels to 

prevent evaporation. A specially designed I-shaped loading 

beam fitting exactly into the mold was then placed on top 

of the leveled soil. The mold and the loading beam were 

placed in the Tinius-Olson Testing Machine. Part 4 of 

Figure 1 shows two aluminum spacers placed at the ends of 

the mold to prevent the loading press from compacting the 

soil to lower than a one-inch thickness. Two Armstrong 

"C" clamps were tightened at 1/3 the length of the mold to 

prevent the mold from bulging under the compression load. 

After the spacer and clamps were placed, the soil was 

compressed at a constant slow loading rate until the top 

flange of the I-beam touched the spacers. This load was 

maintained for about one minute followed by slow releasing 

of the load. Clamps, spacers, and loading press were 

removed in their respective sequence. The compacted soil 

beam was set aside and covered with a wet towel while the 

remaining two identical samples were compacted. 

After compaction, the front plate of each mold was 

unscrewed and removed. The side screws on the back were 

loosened, and the sample on its plate was removed by 

levering the plate at the notch using a screwdriver. The 

sample was then ready to be tested, or cured and then 
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tested. Curing conditions are described in detail in the 

following section. 

Figure 6 shows three compacted samples after 

extraction from molds, ready for curing and/or testing. 

The white labels are for identification purposes. A 

critical observer can see the notches in front of each 

plate. 

Specimen Curing 

Specimens were cured under three different condi

tions: (l) as-molded, (2) constant water content (28 days), 

and (3) 50% humidity (28 days). For the first condition, 

samples were extruded after compaction and wrapped in 

plastic Saran Wrap® (assuring constant water content) and 

then waited the completion of a set of samples (usually 15)-

When compaction of a set was completed, the entire set was 

placed under the rain machine. 

For the second condition, the sample was wrapped k 

times: 2 wrappings of plastic Saran Wrap and two of 

aluminum foil to assure constant water content. For the 

third condition, the sample was simply placed inside an 

environmental room at 70°F and 50% humidity (Figure 7). 

Sandy beams were left on the aluminum plates to cure, while 

clayey samples, because of their cohesiveness, were care

fully removed from the aluminum plates. All samples cured 

for 28 days were placed in the same room (Figure 7)• 



Three Samp.lPs After Compa c tion 



Fignre 7• Sample Curing in the 70° F Room 



Testing Procedure 

When the proper curing time had expired, the sample 

was unwrapped, if it had been wrapped, and the measurements 

of height, width, and length were taken by the instruments 

discussed in Chapter 3« The sample was then weighed. 

Following the instructions for the use of the rain machine, 

the top canvas, shown in Figure 2, was sprayed with water 

until visibly saturated. Each sample was taken from the 

curing room and placed on its assigned slot. Screens 

shaped in a 90° angle were placed under the plate and in 

front of the sample to prevent the sample from sliding. A 

careful observer can see the screens in front of the 

samples in Figure 8. From the same figure it can be seen 

that those samples with a lighter color were cured for 28 

days with 50% humidity, while those with darker colors were 

cured at constant water content (wrapped) for 28 days. 

The door of the plastic tent (Figure 2) was closed, pre

venting any wind interference with the rain. The rotating 

disk rainfall simulator then applied rain for an hour and 

a half. The samples were removed from their respective 

slots, and the sides of each plate were cleaned of eroded 

soil. The sample was placed on a paper towel to dry the 

bottom of the plate. Samples were then weighed and dried 

in an oven for 2k hours at a constant 250°F and then re-

weighed. Weighing the sample before curing, after curing, 

after erosion, and after drying allowed calculation of the 
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molding water content, water content before and after 

erosion, and the amount of eroded soil. Calculations will 

be discussed later in this chapter. 

Erosion Process 

As rain began impacting on the specimens, part of 

the drop remained on the specimens, and the other parts 

splashed. For the first few minutes (time depended on 

curing conditions), the portion that remained on the sample 

was absorbed by the sample. When the sample absorbed its 

limit, runoff began in the form of sheets. This sheet flow 

was interrupted by falling raindrops which caused turbu

lence in the runoff. In general, clayey samples, regard

less of their curing condition, eroded on the surface by 

sheet erosion, without any significant erosion taking place 

on the sides of the samples. For the sandy soil, however, 

erosion was, in most cases, so severe taking different 

shapes of gullies and rills. The gullies began at the 

lower portion of the sample and progressed upward. After 

erosion, there were no straight edges of the sample to 

speak of. 

For comparison purposes, l6 identically prepared 

samples (Soil A, 118.4 pcf and 12.6% w/c) were placed in 

each of the l6 slots immediately after compaction. The 

rotating disk rainfall simulator had an aperture angle of 

15°, and rain was applied for 1-1/2 hours. The amount of 



erosion for each individual sample was found by calculating 

the amount of lost soil. Erosion calculations for each 

slot showed that there were significant differences 

between the erosion occurring in each individual slot. 

Calibration of the machine and the introduction of correc

tion factors for each individual slot appeared to be 

necessary. 

Calibration of Rotadisk Rainulator 

The variation in the amount of erosion of the l6 

samples was based on the variation of rain intensities 

between the individual slots. Therefore, the rain inten

sities were measured for each slot at the three slopes used 

in this study (4.5°, l4°, and 26.1°), and under the three 

different aperture angles (5°, 15°) and 20°), making nine 

sets of rain intensity correction factors. 

Three cups were placed in each individual slot. 

Cup "a" was placed at the front of the slot (closest to the 

horizontal), cup "b" in the middle of the slot, and cup "c" 

at the rear of the slot (farthest from the horizontal). 

Masking tape was used to secure these 48 cups on the 

aluminum plate. The rain was applied for a measured 

period, varying from 20 to 45 minutes. The quantity of 

water collected in the cups was measured by the use of a 

graduated cylinder. The mean intensity for each individual 

slot was calculated as follows: 
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Qa+Qb+Qc 60 1 
Jm = 3 X 

4  a  2 . 5 w 3  '  

where I equals the mean intensity for one hour in inches/ 
m 

hour, Qa equals the quantity of water collected in cup "a" 

for time "t11 in milliliters, equals the quantity of 

water collected in cup "b" for time "t" in milliliters, Qc 

equals the quantity of water collected in cup "c" for time 

"t" in milliliters, t equals the time for which rain was 

applied in minutes, A equals the area of opening of cup in 

square inches. The average rainfall was calculated from 

the following formula: 

£(Im):L 
I = — 
average N 

where I equals the average rainfall in inches per hour, 

1^ equals the rain intensity for each slot (l, 2 ... l6), 

and N equals l6 (number of slots). The correction factors 

were found by the following formula: 

(CF)i = 
i 

where (CF)^ equals the correction factor for slot i, and 

slot i equals (l, 2 ... l6). If these were the real 

erosion correction factors for a certain slope and rain 

intensity, then the l6 identically compacted and eroded 

samples placed in the slots should give the following 



relationship: E^CCF)^ = E2(CF)2 = . . . , where E is 

amount of erosion in grams, CF is correction factor due to 

rain intensity, and the digits 1 and 2 represent the slots. 

Applying this relation to our l6 identically compacted 

samples showed that this assumption (erosion amount is 

directly proportional to rain intensity) is not exactly 

true, and that there are other factors besides intensity 

that affect the amount of erosion. 

The differences in the amount of erosion for various 

test slots may be attributed to the engineering properties 

of the compacted samples and the rain intensity, sample 

geometry, energy level, position, temperature, humidity, 

etc., at which the sample is to be prepared and tested. If 

the samples are prepared identically and tested at the same 

temperature and humidity, the variance in erosion will be 

caused primarily by the rain intensity, sample geometry, 

energy level, and position of the sample as it was placed 

under the Rainulator. 

Three sets (A, B, and C) of l6 samples each (Soil 

A) were compacted at maximum dry density and optimum water 

content. After compaction, the l6 samples were immediately 

placed under the Rainulator for 90 minutes, at which time 

per cent erosion was determined. For the sake of 

reproducibility, three sets were made for every combination 

of the three slopes and rain intensities. Tables A-l 

through A-9 (Appendix A) show the amount of erosion in 



grams and the general correction factors for each indi

vidual slot. In each of these tables, column one repre

sents the slot position as it is described in Figure 9* 

Columns 2, 3) and 4 are further divided into two sub-

columns ; the column on the left is the actual weight of 

the eroded material. Averaging the erosion in these l6 

slots and dividing the average by each individual erosion 

gave a correction factor, shown in the right sub-column. 

For a specific slot, if three samples were compacted 

identically and tested under the same environmental condi

tions, the erosion should be the same. If the amount of 

erosion for the three repetitions was close, or in a 

series, the average was placed in column 5« If two are 

close, and the third is not, the third was disregarded and 

the average of the two close ones is given in column 5* 

Therefore, column 5 is the average of two or three (shown 

without asterisks) repetitions of identical samples in the 

same slot. Column 6 shows the correction factors for the 

average erosion in column 5 and was calculated in the same 

manner that the right sub-columns in columns 2, 3j and k 

were found. 

For a given set of conditions (Yd, w/c ... ), it 

was decided that three identical samples be made and placed 

in three adjacent slots on the aluminum plate, giving the 

idea of treating the three samples as a large sample with a 

group correction factor. The aluminum plate was divided 
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into five groups of three slots each (Figure 10). Super

stitious reasons caused slot 13 to be disregarded. 

Appendix Tables A-10 through A-l8 show the group 

amount of erosion and correction factors. Column 1 

indicates slot numbers. Every three slots make a group, 

which is indicated by a letter of the alphabet (second 

column). For example, Slots 9, 10, and 11 are group B. 

Columns 3? and 5 represent the three identical sets 

which were repeated for the reliability and reproducibility 

of the results. The erosion of each of the samples is in 

the left sub-column; the middle sub-column is the total 

amount of erosion of the three slots in which: 

E, , = E.,+E0+E0 
total 12 3 

where E^ is the amount of erosion in slot 1, in grams; E^ 

the amount of erosion in slot 2, in grams; and E^ the 

amount of erosion in slot 3} in grams. 

The correction factors for these five groups, 

shown in every right sub-column, were found by the follow

ing formula: 

(CP) = l&L 
gi 

where (CF)^ is the correction factor for group A, B, C, 

D, or E; E^& equals 

E E . 
Kl 
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Group E 

Figure 10. Plan of Groups 



in grams; and E . is the total amount of erosion in group 
ĝ * 

i, in grams. Column 6 is also divided into three sub-

columns ; the left sub-column is the best average of the 

three repeated samples in each slot. The best average is 

picked up in the same manner as in Tables A-l through A-9 

(shown without an asterisk). The middle sub-column is the 

total of the three slots that make up a group, and the 

right sub-column is the correction factor, found in the 

same manner as those in columns 3j and 5* 

How To Use the Correction Factors 

It is advisable to make three identical samples 

for each given set of conditions. For example, if a 

Desert Rose Clay is to be compacted at optimum water 

content and dry density (12.6%, 118.4: pcf) and is to be 

tested at a rain intensity of I.98 inches/hour on a l4° 

slope, then three samples should be made according to the 

given specifications and placed in any three slots that 

make a group. 

If the amount of erosion per unit area is desired, 

then the amount of erosion from each sample should be 

measured and multiplied by its corresponding factor, found 

in column 6, Tables A-l through A-9. If the three cor

rected amounts of erosion are close or in a series, then 

the average of the three measured amounts of erosion should 

be multiplied by the group correction factor found in 



57 

column 6 of Tables A-10 through A-l8. If the three 

corrected amounts of erosion are not close or in a series, 

then the measured amount of erosion of the closest two 

should be averaged. The third sample should be ignored. 

The ones ignored usually eroded too much, which was 

probably caused by improper compaction of the samples. 

Then the average was multiplied by the group correction 

factor, as shown before. This corrected amount of erosion 

in grams for the given unit area (3 inches x 18 inches) 

could be easily multiplied by a factor to give erosion in 

tons/acre for 90 minutes of rain. 

Measurements and Calculations 

The following measurements were taken for each 

individual sample: 

1. weight of compacted sample + base plate, grams 

2. weight of base plate, grams 

3« as-molded water content (w/c), per cent 

4. after curing, sample dimensions, inches 

5• weight of sample + base plate, after curing, grams 

6. weight of eroded wet sample + base plate, grams 

7« weight of eroded dried sample + base plate, grams 

8. correction factor for the individual slot 

9. group correction factor for the appropriate indi

vidual group 



58 
2 

10. a factor that changes lbs per inches to tons per 

acre 

11. sample length prior to testing, inches 

12. sample width prior to testing, inches 

13« sample height prior to testing, inches 

The following quantities were calculated from the 

above measurements: 

a. as-molded wet weight = (l) - (2), grams 

b. as-molded dry weight = (a) x ('J00+W7C^ j grams 

c. volume of sample before testing = length x width x 

height, cu ft 

( b )  1  
d. dry density (Yd) = x , pcf 

e. weight after curing = ( 5 )  -  ( 2 ) ,  grams 

f. moisture content after curing = ^e^|^ ̂ x 100, % 

g. eroded sample wet weight = (6)—(2), grams 

h. eroded sample dry weight = ( 7 ) — ( 2 ) , grams 

i. moisture content after testing = ^ ̂ |~^h^ x 60, % 

j. amount of erosion = (b)-(h), grams 

k. individual slot corrected erosion = (j) x (8) 

I. group corrected erosion = selected samples average 

erosion x (9), grams 

m. erosion per unit area = / , , ( ^ 1  ( 1 0 )  
(. 11) x( 12) 



CHAPTER 5 

PRESENTATION AND DISCUSSION OF 
TEST RESULTS 

After completing all tests, data calculations, and 

corrections, tables were made relating the amount of 

erosion in tons per acre to one of the following variables: 

(l) rain intensity, (2) slope inclination, (3) curing time 

a n d  c o n d i t i o n ,  ( 4 )  w a t e r  c o n t e n t  a n d  d r y  d e n s i t y ,  ( 5 )  

compactive effort, (6) method of compaction, (7) tempera

ture, (8) grain size distribution, (9) plasticity index, 

and (10) sample length exposed to runoff. By fixing the 

nine variables and varying the tenth, the amount of erosion 

was measured and correlated for each of the ten variables. 

All samples tested were placed under rain for a 

period of 90 minutes. This period of time was selected 

after preliminary tests were conducted. In these tests, 

four identically prepared samples were tested under the 

rain machine; one was removed after 5 minutes, the second 

after JO minutes, the third after 60 minutes, and the 

fourth after 120 minutes. When erosion was plotted in 

relation to time, it was found that beyond 90 minutes of 

rain application, there was only a slight increase in 

erosion with time. This test was conducted for the three 

soils and similar results were obtained. Accordingly, the 

59 
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90-minute period was selected as the duration for rain 

application. 

Effect of Rain Intensity 
on Erosion 

The effect of three rain intensities on the three 

soils was investigated. These intensities are 1.3 in/hr, 

i.98 in/hr, and 2.65 in/hr, which are classified as 

moderate, hard, and very hard rain, respectively. For every 

soil, samples were compacted at optimum water content and 

dry density, and also at 97-5% of maximum density at both 

wet and dry of optimum. For the condition of I.98 in/hr 

rain intensity and l4° slope, two additional sets were 

made at 95% of maximum density, one on the dry and one on 

the wet side of the optimum water contents. Rain intensity 

was studied on samples compacted at standard AASHO com-

pactive effort. For comparison purposes, samples were 

compacted at modified AASHO at optimum and then eroded. 

Table 6 shows the effect of rain intensity on 

erosion for Soil A (100% Desert Rose Clay) at varying water 

contents, dry densities, slopes, and curing conditions. 

Column one explains the state at which the sample was 

compacted (the desired dry density and water content). 

For all three states (wet, optimum, dry), samples were 

compacted within one pcf of the listed dry density and +_ 

1/2% of the listed water content. Column two shows the 

slope in degrees at which the samples were tested. Column 
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Table 6. Effect of Rain Intensity on Erosion (Soil A) 

Erosion (Tons/A ere) 

State Slope 

Rain 
Intensity 

in/hr 
As-

Molded 

28 days 
at 

Const w/c 

28 days 
at 50% 

Humidity 

Dry 
(115-4 pcf, 
11%) 

4.5° 1-30 
1.98 
2.65 

7-7 
16.4 
22.4 

9.4 
1 6  . 7  
29-9 

11.5 
16.3 
25-4 

14.0° 1.30 
1.98 
2.65 

10.9 
18.9 
20 .2 

12.5 
25-7 
27-0 

18.9 
25 .2 
40.1 

26.1° 1.30 
1.98 
2.65 

11-5 
16.2 
28.0 

11.2 
19-2 
29-7 

11.1 
18.7 
33-7 

Optimum 
(118.4 pcf, 
12.6%) 

4.5° 1.30 
1.98 
2.65 

6.6 
13.6 
15-7 

6 - 3  
1 2 . 7  
2 2 . 5  

12.2 
13-6 
28.6 

14.0° 1.30 
1. 9 8  
2.65 

7 - 3  
15 -6 
14.8 

9-9 
1 6  . 3  
2 4  . 9  

19-4 
33-5 
49.5 

26.1° 1.30 
1.98 
2.65 

1 0 . 5  
1 0 . 8  
1 8 . 9  

10 .0 
1^-5 
22.7 

12.4 
1 9 . 5  
3 3 . 0  

Wet 
(115-4 pcf, 
15-2%) 

4.5° 1.30 
1. 9 8  
2.65 

4.9 
1 2 . 5  
14.0 

8.6 
11.1 
2 2 . 5  

12.1 
22 .4 
25-7 

14.0° 1.30 
1 -98 
2 . 6 5  

^-5 
13-1 
11-3 

7-6 
11-7 
18.6 

20.4 
2 6  . 9  
38.0 

26 .1° 1.30 
1. 9 8  
2.65 

5 - 3  
8 . 3  

12-7 

4.0 
1 3 - 7  
21.6 

11.8 
1 6 . 3  
3 3 - 4  
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three lists the rain intensities; and columns 4, 5> anc* 6 

give the amount of erosion in tons per acre at three 

different curing conditions. Table 6 shows tha for 

similar test conditions, an increase in the rain intensity-

will lead to an increase in erosion. This condition 

occurs because the higher the rain intensity, the higher 

the total energy applied by the rain on the soil, which in 

turn leads to an increase in the detached and splashed soil 

particles. Also, an increase in the rain intensity causes 

an increase in the runoff. For these two reasons, the 

amount of erosion will increase. 

For demonstration purposes, the erosion in tons per 

acre versus the rain intensity in inches per hour was 

plotted in Figure 11. These curves are for Soil A compacted 

at a standard AASHO compactive effort and cured for 28 days 

at 50% humidity. Figure 11 shows nine curves, each 

drawn as the best fit of three points. Each point repre

sents three samples (replicas) at a certain compaction and 

curing condition. Each of the three figures shows three 

curves, one for every slope. 

All nine curves show a significant increase in the 

amount of erosion as the rain intensity increases. At low 

rain intensities, the steep and the mild slopes eroded 

almost equally, while the intermediate slope eroded more. 

This phenomenon can be explained as a combination effect of 

gravity and the amount of rain applied to each sample. For 
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example, the sample at a mild slope gets more rain than the 

one at a steep slope, while the latter has a greater 

gravity force pulling the soil particles dovmhill. Similar 

results were obtained for the three soils. Therefore it 

may be stated that, in general, an increase in the rain 

intensity would cause an increase in the amount of erosion. 

Effect of Slope Inclination 
on Erosion 

The three different slopes used in this study were 

4.5° (mild), 14.0° (intermediate), and 26.1° (steep— 

popular in embankments). The effect of variation of slope 

on erosion is shown in tables containing data on the 

erodibility of the three soils compacted by two different 

compactive efforts at various water contents and dry 

densities. In Table 6, the reader can compare the erosion 

of identically prepared samples eroded under the same rain 

intensity at different slopes. The data in Table 6 are 

for Soil A compacted at standard AASHO and cured at differ

ent conditions. For the three soils used, it was found 

that, in general, l4° is the unique slope at which erosion 

is the greatest. 

Figure 12 is concerned with the erosion of Desert 

Rose Clay compacted at standard AASHO and cured for 28 days 

at 50% humidity in a 70°F room. Each of the three sets of 

three curves are compacted under the same conditions and 

tested at different rain intensities and slopes. From 
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these curves it is observed that: (l) an increase in rain 

intensity leads to an increase in erosion and (2) maximum 

erosion occurs on the I**0 slope for samples tested under 

identical conditions but with variable slopes. In general, 

all data show the uniqueness of the l4° slope in causing 

maximum erosion with lower erosion resulting in slopes both 

flatter and steeper than this value. A steep slope has a 

small projection area, which causes less rain to hit the 

sample than is the case with a milder slope having a 

greater projection area. A particle on a mild slope has 

less gravitational force assisting particle momentum down

hill than that available for a steep slope. Therefore, 

erosion on a steep slope is lower because there is less 

rain hitting it, and erosion on a mild slope is lower 

because of the smaller gravity force. On an intermediate 

slope, a sample has the combined effects of an inter

mediate gravity force and an intermediate projection area 

receiving an intermediate amount of rain, which causes the 

sample to experience the most erosion (Figure 12). 

Effect of Curing Conditions 
on Erosion 

Three different curing conditions were used in this 

research: (l) samples tested immediately after compaction 

(as-molded), (2) samples wrapped and cured in a 70°F room 

28 days at constant water content, and (3) samples cured for 

28 days in a 70°F room at 50% humidity. For the first two 
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curing conditions, the constant water content signifies 

that no moisture is allowed in or out of the sample during 

curing. For the third condition, the samples were simply 

cured in a 50% humidity room allowing, generally, a loss in 

moisture which may have led to shrinkage. The 28 days at. 

50% humidity curing condition, after being exposed to the 

atmosphere, is closer to field conditions for compacted 

soils than in the other two curing conditions. 

Table 7 shows the effect of curing conditions on 

soils compacted at different water contents, dry densities, 

and compactive efforts, under I.98 in/hr rain intensity 

and a l4° slope inclination. With Soil C (20% clay, 80% 

sand), extreme difficulty was experienced during compaction 

under the modified AASHO, therefore it was eliminated. The 

first column in Table 7 presents the compactive effort, 

column two shows the soil used, column three indicates the 

molding water content, and column four shows the molding 

dry density. Columns five, six, and seven outline the 

erosion at different curing conditions. 

For the first two soils, it is observed that the 

amount of erosion decreases as the molding water content 

increases. This is true for the two constant water content 

curing conditions, but for samples cured under the 50% 

humidity condition, maximum erosion occurred at the optimum 

molding water content and dry density. For the sandy soil 

(Soil C), there was always maximum erosion at the optimum 



Table 7« Effect of Curing Condition on Erosion ( 1 . 9 8  in/hr Rain Intensity, 
l4° Slope) 

Erosion (Tons/A ere) 
Molding 
Water Dry 28 days 28 days 

Content Density As- at at 50% 
Effort Soil °/o pcf Molded Const w/c Humidity 

Standard AASHO A 11 .0 115-4 1 8 . 9  25-7 25-2 
12.6 118.4 15.6 1 6  . 3  33-5 
1 5 . 2  115 -4 13.1 11-7 26.9 

B 9 . 3  120 .1 24.2 34.3 29 .1 
1 1 . 5  123 -2 17.8 17-9 4 3 . 0  
13-8 120 .1 15.1 17-8 25-7 

C 7 . 8  124.1 8 3  . 1  55.6 91.6 
9.2 127.3 91-1 6 9 . 2  104.6 

1 0 . 7  124.1 75-6 57-4 90.2 

Modified AASHO A 6 . 9  124.8 20.8 24.7 2 6 . 3  
9 . 6  128.0 16.4 31-3 29 .1 

1 2 . 0  124.8 12.3 16.8 24.4 

B 6 . 9  129.9 2 7 . 0  33-0 27-3 
8 . 5  133.2 24.5 33.8 3 6  . 0  

10.4 129-9 2 6  . 9  22.8 31-9 

cr. 
c» 



molding water content and dry density, regardless of the 

curing condition. 

Figure 13 illustrates the effect of curing conditions 

on the erodibility of compacted soils. A set of three 

curves was drawn for each soil, with each curve repre

senting samples cured under specified curing conditions. 

Each curve represents the best fit line between three 

points, and each point represents a set of three samples 

compacted and cured identically. From both Figure 13 and 

Table 7} the following is true for Soil A: (l) samples 

cured by the two conditions at constant water content have 

a reduction in erosion with an increase in the molding 

water content; (2) samples molded at optimum and wet of 

optimum water content show little change in erosion, when 

cured at constant water content regardless of the curing 

period. On the other hand, samples compacted dry of 

optimum and cured under the second curing condition eroded 

about 6.8 tons/acre more than those cured under the as-

molded curing condition with the same compaction character

istics. This cannot be attributed to the change in fabric, 

because, at low water contents, one does not expect much 

fabric change. The variation may be attributed to the 

spreading of the water to be uniform throughout the entire 

sample. This spreading of the water lowered the relative 

water content in the clayey portion, making the sample 

drier and causing higher erosion. (3) For samples cured 
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under the 28 days 50% humidity condition, maximum erosion 

was experience by those samples compacted at optimum 

moisture content at maximum dry density. This behavior may 

be attributed to the slaking phenomenon: when a dry soil 

is suddenly wetted, the air in the pores compresses and is 

forced out, and the forced air breaks up the soil more 

readily. To further explore the relationship between the 

erosion and slaking potentials, three sets of five samples 

each were compacted in Harvard Miniature Molds: one sample 

at optimum, two at 97*5% of maximum density (one dry of 

optimum and one wet of optimum), and two at 95% of maximum 

dry density (one dry of optimum and one wet of optimum). 

All samples were allowed to cure for 28 days at 50% 

humidity. Each set of five samples was wetted suddenly. 

The sample compacted at optimum deteriorated and 

slaked first, then those compacted at dry of optimum, while 

the samples compacted wet of optimum held together for a 

relatively longer period. This experiment was repeated 

three times and the same results were obtained: the 

slaking potential of samples compacted at optimum is more 

than that for samples compacted at other than optimum. For 

Soil B, the same conclusions given for Soil A apply. 

For Soil C, all curing conditions affected the 

erosion in the same manner, with a maximum erosion at 

optimum. For samples cured at constant water content, 

those tested after 28 days eroded less than those tested 



immediately. This may be attributed to a higher degree of 

cementation and bond between the clay fraction and the sand 

particles. This shows that the explanation of cementation 

is of more importance in the sandy soil than the uniform 

spreading of water. 

In general, samples cured at 50% humidity eroded 

more than samples cured at constant water content, because 

the compression of the air inside the pores caused an 

easier breaking up of the soil particles and thus greater 

erosion. 

Samples cured at constant water content showed a 

negligible change in volume after curing, while those cured 

at 50% humidity experienced relatively large reduction in 

volume (shrinkage). Samples compacted at wet of optimum 

experienced the largest shrinkage, while those compacted 

both at optimum and dry of optimum underwent almost the 

same amount of shrinkage. This high shrinkage occurring 

for samples compacted at wet of optimum caused them to have 

the highest density after curing and thus the greatest 

bonding between particles, resulting in the least erosion. 

This behavior should lead the contractor and engineer to 

the following conclusions: 

1. If compacting a clayey soil structure in a high 

humidity area, compaction should be at optimum. 
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2. If compacting a clayey soil structure in a low 

humidity area, compaction should be at wet of 

optimum. 

3. If compacting a sandy soil structure in high or low 

humidity areas, compaction should be either dry or 

wet of optimum. 

These conclusions may be used to obtain the lowest 

erosion potential according to the results obtained in this 

study. If other compaction conditions are dictated by 

other engineering properties (strength, swelling, etc.), 

the recommendations outlined herein may be used in com

pacting the exposed layer of the embankment, e.g., the 

outermost 4 foot thickness. 

Effect of Molding Water Content 
and Dry Density on Erosion 

The effect of the molding water content and dry 

density was studied on the three soils compacted by two 

different compactive efforts. Table 8 presents a summary 

and a comparison of the results obtained from testing 

samples compacted at different compositions (water content 

and dry density). All data in this table are for samples 

tested on a l4° slope at 1.98 in/hr rain intensity. The 

first column in Table 8 shows the compactive effort; column 

two shows the soils used. Notice that Soil C was not 

compacted under the modified AASHO compactive effort since 



Table 8 .  Effect of Molding Water Content and Dry Density on Erosion ( 1 . 9 8  in/hr 
Rain Intensity, l4° Slope) 

Erosion (Tons/Acre) 

Effort 

Molding 
Water Dry 28 days 28 days 

Cont ent Density As- at at 50% 
Soil % pcf Molded Const w/c Humidity 

A 10 .0 112.5 2 0 .4 31.4 28.8 
11.0 115.4 1 8 . 9  25-7 25.2 
1 2 . 6  118.4 1 5 . 6  16 .3 33-5 
1 5 . 2  115 .4 1 3 .1 11.7 26 .9 
1 6 . 5  112.5 11. 9  13.2 29-6 

B 7 . 9  117.0 3 0 . 8  43.8 44.5 
9 . 3  120.1 24.2 34.3 29.1 

1 1 . 5  123-2 17-8 17-9 4 3 . 0  
1 3 . 8  120.1 15-1 17-8 25-7 
15 .4 117-0 13.4 22.3 32.5 

C 7 . 0  120.9 97-9 55-6 96.2 
7 . 8  124.1 8 3  . 1  55-6 9 1 . 6  
9 . 2  127-3 91.1 6 9  . 2  104.6 

1 0 . 7  124.1 75-6 57.4 90.2 
12.1 120.9 63.7 68.7 ill .1 

A 5-8 121.6 24.5 24.1 2 6  . 0  
6.9 124.8 20.8 24. 7  2 6 . 3  
9 . 6  128.0 1 6  .4 3 1 . 3  2 9 . 1  

12.0 124.8 1 2 . 3  1 6 . 8  24.4 
13.2 121.6 10.7 16 .4 29-5 

Standard AASHO 

Modified AASHO 

-si 
•p-



Table 8•--Continued 

Erosion (Tons/Acre) 

Effort Soil 

Molding 
Water 

Content 
°/o 

Dry-
Density 

pcf 
As-

Molded 

2 8  days 
at 

Const w/c 

28 days 
at 50% 

Humidity 

B 6 . 3  1 2 6  . 5  33.8 37-8 32.9 
6 . 9  129-9 2 7 . 0  33-0 27-3 
8 . 5  133-2 24.5 33-8 3 6 . 0  

10 .4 129-9 26. 9  22.8 31-9 
11.5 1 2 6  . 5  2 5 .1 2 0 . 0  30.8 

-vj 
VJl 



it required a load greater than the 60,000 pounds which was 

the maximum capacity of the loading machine. Column three 

presents the molding water content at which the samples 

were compacted. For every soil there are five different 

molding water contents: at optimum water content, at 97*5% 

maximum dry density at both dry and wet of optimum, and at 

95°/° maximum dry density at both dry and wet of optimum. 

Column four shows the dry densities corresponding to each 

of the water contents. Column five (erosion in tons/acre) 

is divided into three sub-columns. Each sub-column repre

sents one of the three curing conditions. For samples 

cured at constant water content the amount of erosion 

decreases as the molding water content increases. The 

compactive effort did not change the trend at which the 

erosion behaved with respect to the molding water content. 

Samples cured at 50% humidity for 28 days appear to have 

been influenced by the slaking phenomenon which caused the 

samples compacted at optimum to erode the most, while the 

samples on each side of the optimum eroded according to 

their slaking ability and their density at the time of the 

test. Figure l4 illustrates the effect of molding water 

content on the erosion of samples compacted at the standard 

AASHO cumpactive effort and tested on a l4° slope at I.98 

in/hr rain intensity. The top part of this figure shows 

samples compacted at different water contents and cured 

according to the as-molded curing condition for Soils A 
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and B. The rate of decrease in erosion with respect to an 

increase in water content is higher for Soil B than that 

for Soil A, particularly for the samples compacted dry of 

optimum. The middle portion of this figure represents 

samples of the same two soils cured under the 28 days 

constant water content curing condition. From the curves 

on this middle portion, the following is true: (l) erosion 

decreases with increasing molding water content; and (2) 

Soil A eroded more than Soil B at the dry of optimum side, 

while on the wet of optimum side the reverse was true. 

Soil B eroded less than Soil A at dry of optimum because, 

after 28 days of curing, the uniform distribution of water 

in the two soils caused Soil B to have a higher relative 

water content in the clayey portion than that in Soil A. 

This led to a higher degree of cementation and bonding and 

thus lower erosion. The lower portion of Figure l4 shows 

the same two soils cured according to the 28 days 50% 

humidity curing condition. As discussed earlier, samples 

at optimum generally eroded the most. The erosion behavior 

of the samples is based on their dry density and slaking 

ability at the time of rain applicati n. Because all 

samples cured at 50% humidity had a pre-test water content 

of about 2.5%, the variation in erosion for the various 

samples cured at this condition cannot be attributed to 

this antecedent water. 



No direct relationship was found between the as-

compacted dry density and erosion but the dry density for 

samples cured at 50% humidity, 28 days, was of importance. 

Samples wet of optimum shrank considerably, causing their 

dry density at the time of the test to be much higher than 

those compacted at dry of optimum and at optimum. In many 

cases, samples compacted at 95% of the maximum density and 

wet of optimum eroded a bit more than those compacted at 

the 97% density and wet of optimum. This variation in 

erosion contradicts the higher dry density of the former at 

the time of rain application, however, in many cases hair 

cracks were seen on the samples compacted at moisture 

contents very wet of optimum. These shrinkage cracks can 

contribute to the high erosion observed for these samples. 

Generally, for the sake of controlling erosion, it is 

better to compact at wet of optimum. If strength is one of 

the requirements of the compacted structure, then all 

structures should be compacted at dry of optimum; except 

that the top few feet should be compacted at wet of optimum 

to reduce erosion. 

Effect of Compactive Effort 
on Erosion 

Two compactive efforts were used in this study: 

standard AASHO (12,375 lb-in/cu ft) and modified AASHO 

(56,250 lb-in/cu ft). No difficulties were encountered in 

compacting the three soils with the standard AASHO effort. 



A higher load than the maximum capacity of the loading 

machine used in this study was needed to compact Soil C 

(20% clay, 80% sand) to the modified AASHO requirements. 

This soil was therefore not statically compacted at the 

modified AASHO compactive effort. Table 8 discloses the 

effect of the compactive effort on the erodibility of the 

three soils. In general, the higher the compactive effort, 

the lower the erosion, which may be attributed mainly to 

the result of higher density and closer packing. Figure 15 

illustrates the effect of the compactive effort on erosion 

for Soil A, tested on a l4° slope under I.98 in/hr rain 

intensity. Figure 15 presents the erosion versus the 

molding water content for samples compacted at different 

water contents (along the compaction curve), under the two 

compactive efforts, and cured at the three different curing 

conditions. The top portion of Figure 15 is for samples 

tested immediately at no loss of moisture. The best fit 

curve for each compactive effort is drawn between the 

points. It is apparent that samples compacted at the same 

water contents under different compactive efforts have 

different rain erodibility. The higher the compactive 

effort, the lower the erosion. The middle portion of 

Figure 15 shows the effect of 28 days of curing at constant 

moisture content on the erodibility of samples compacted at 

the two compactive efforts. The two curves in this portion 

show the same relationship stated earlier; the higher the 
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compactive effort, the lower the erosion. Wet of optimum 

modified AASHO curve intersects the standard AASHO, 

indicating similar erosion potential. 

The lower portion of Figure 15 shows the effect of 

50% humidity after 28 days of curing. In general, the 

standard AASHO samples eroded more than those having the 

same moisture content but compacted at modified AASHO. The 

samples compacted at very dry of optimum on the standard 

AASHO curve eroded almost the same as samples at optimum 

dry density in the modified AASHO curve with both having 

the same molding water content. The similarity in erodi-

bility can be attributed to the higher slaking ability of 

the samples compacted at optimum of the modified AASHO 

compactive curve. 

Effect of Method of Compaction 
on Erosion 

Two methods of compaction were used in this in

vestigation: static and impact, which has a kneading 

action. Samples compacted by the impact method are expected 

to have a more oriented fabric than those compacted 

statically at identical water contents and dry densities. 

Table 9 (Soil A, 14° slop , at I.98 in/hr rain 

intensity) consists of three major columns. The first 

column represents the molding water content. The second 

column is the dry density immediately after molding. 

Column three outlines the erosion in tons/acre, and this 



Table 9* Effect of Method of Compaction on Erosion (Soil A, l4° slope, I.98 in/ 
hr) 

Erosion (Tons/Acre) 

Molding 
Water 

Cont ent 
0^ 70 

Dry 
Density 

pcf 

As-Molded 
28 days at 
Const w/c 

28 
50% 

days at 
Humidity 

Molding 
Water 

Cont ent 
0^ 70 

Dry 
Density 

pcf Static Impact Static Impact Static Impact 

H
 

O
 

O
 

112.5 20.4 21 .8 31 -4 26 .6 28.8 42.3 

11 .0 115.4 18.9 16.0 25.7 22.2 25.2 37-5 

12.6 118.4 15 .6 15.0 l6 .3 26 .8 33-5 39.6 

15.2 115-4 13-1 9-6 11.7 2.8 26 .9 33-5 

16 .5 112.5 11-9 11-7 13.2 3-9 29 .6 4l .0 

03 
U) 



column is divided into three sub-columns with each sub-

column representing one curing condition. These sub-

columns are further divided into two portions, with the 

one on the left representing the erosion of the statically 

compacted samples and the one on the right showing the 

erosion of samples compacted by the impact method. The 

impact samples were compacted with the standard AASHO's 

proctor hammer. One layer was tapped 70 times, equivalent 

to the effort prescribed for this volume of soil. The 

sample was then compacted statically to the desired volume 

(low load was required). After extruding, it was turned 

bottom side up on the plate and left for curing and/or 

testing. 

As the falling raindrops hit the surface of the 

sample, detachment of the soil particles occurs. The ease 

of detachment of soil particles can be related to their 

structure and fabric orientation. Samples having the same 

water content and compacted at the same compactive effort, 

but using two different methods, could have a difference 

in the structure and orientation of the compacted soil, 

if the two methods of compaction induce different levels 

of shear strain. It appears that the soil having a more 

oriented fabric can resist erosion better than that with a 

randomly oriented fabric, since the soil particles in the 

former are, in a way, perpendicular to the falling rain 

and parallel to the flowing runoff water. The falling 



rain would tend to compact the soil, and the flowing water 

would exert only a drag force on the flatly oriented soil 

particles. This drag force at the surface of contact with 

the soil will approach zero because the velocity of the 

runoff water at the surface of the soil is zero. Samples 

for the constant water content curing conditions were 

tested under the same compaction conditions; they had the 

same water content and dry density when placed under the 

rainulator as when they were molded and compacted. 

For the 28 days, constant water content curing 

condition, a negligible change in dimensions did not cause 

significant change in dry density. For the 28 days, 50% 

humidity curing condition, samples were dried until they 

had about 2-1/2% moisture content. This curing condition 

caused the samples to shrink, resulting in an increase in 

their dry densities. Under this curing condition, samples 

compacted under the impact method eroded more than those 

compacted by the static method, in spite of the fact that 

impacted particles are more oriented than those compacted 

statically. The cause of this erosion was the change in 

their dry density at testing. For example, the statically 

compacted samples having 12-5% water content and 115.4 

lb/cu ft dry density, after 28 days of 50% humidity curing 

had a dry density of 133*56 pcf, while the impact samples 

had a dry density of 120.21 pcf. This difference in dry 

density caused a difference in the packing and slaking 



ability. In addition, oriented specimens tend to crack 

more after drying than the random specimens. These 

combined effects caused the impacted samples, generally, 

to erode more because of their lower dry densities and more 

shrinkage cracks. Figures l6, 17, and 18 show the effect 

of the method of compaction on erosion for samples cured at 

all curing conditions, indicating, in general, that more 

fabric orientation causes lower erosion. 

The effect of the method of compaction was studied 

only on Soils A and B, because the method of compaction 

would be expected to change their structural character

istics more than in the more sandy Soil C. 

Effect of Temperature on Erosion 

After curing samples at the 50% humidity condition 

(field curing conditions), samples of Soils A and B were 

tested under two temperatures. Table 10 presents the 

erosion of samples compacted and cured under identical 

conditions but placed under the rain at two different 

temperatures: 95°F and 55°F» The rain and air tempera

tures were a function of the temperature of the weather at 

the time of testing. Despite the fact that the samples 

tested under two different temperatures were subjected to 

the same rain intensity (1.98 in/hr), slope inclination 

(l4°), and were compacted and cured identically, the 

resulting amounts of erosion were different. Samples 
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Table 10. Effect of Temperature on Erosion (1.98 in/hr 
Rain Intensity, l4° Slope) 

Erosion (Tons/Acre) 
Molding (28 days at 50% Humidity) 
Water Dry 

Content Density Tested at Tested at 
Soil °/o pcf 950 F 550 F 

A 10.0 112.5 28.8 20 .6 
11.0 115.4 25 .2 14.2 
12.6 118.4 33-5 23.3 
15^2 115-4 26 .9 17-7 
16.5 112.5 29 .6 14.9 

B 9-3 120.1 29 .1 21.5 
11.5 123 .2 43.0 32.0 
13-8 120.1 25-7 25-7 



tested in the warmer weather eroded more than those tested 

in the cooler weather. Warmer water has a lower viscosity, 

higher ability to dissolve soluble materials in the soil, 

and correspondingly higher ability to detach soil particles. 

-In addition, at higher air temperatures, higher rates of 

evaporation exist which tend to increase the amount of 

erosion due to the higher deficiency in moisture. Figures 

19 and 20 show the effect of temperature on the erodibility 

of compacted soils. Both figures show the similarity in 

the shape of the curves, with the curve for higher test 

temperature indicating higher amounts of erosion. From 

this it is obvious that, in warm or cool weather, samples 

compacted at optimum dry density would erode the most. 

Therefore, the compaction characteristics of the structure 

should be either on the dry or wet side, depending on the 

engineering requirements. 

Effect of Grain Size Distribution 
on Erosion 

Sand's ability to detach and difficulty to transport 

have been observed and reported by many agricultural and 

soil scientists. Clays are easier to transport but 

difficult to detach. Since silt is intermediate in both 

aspects, it was observed to undergo more erosion than 

either sand or clay. Samples of all three soils compacted 

at different dry densities and water contents and cured 

under different curing conditions were subjected to a rain 
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intensity of I.98 in/hr on a 14° slope. Table 11 shows 

the effect of the different per cents of clay size (less 

than two microns) on the erodibility of compacted soils. 

For all cases, the higher the per cent clay, the lower the 

erosion. This phenomenon is graphically illustrated in 

Figure 21, showing the general erosion reduction with the 

increasing amount of clay-size particles. Therefore, the 

higher the clay percentage, the lower the erosion. For all 

three soils, there was little variation in the per cent 

sand, so any increase in clay means a decrease in silt, 

and vice versa. Generally, an increase in the per cent 

silt leads to an increase in the amount of eroded material. 

The activity of the soil is defined as the ratio of 

the plasticity index to the per cent clay (less than 2 

microns) of a given soil. The activity of the three soils 

was 0.31, 0.30, and 0 for soils A, B, and C, respectively. 

In general, a decrease in the value of the activity leads 

to an increase in the erodibility of the compacted soil. 

This phenomenon was also true for the lime treated soil 

where soils A and B had the activity indices of 0.25 and 

0.22, respectively. This was untrue for the soil treated 

with bentonite where soils A and B had activity indices of 

0.75 and 0.-93 j respectively. The change in the activity 

values here were actually very small; therefore, precau

tions should be practiced. 
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Table 11. Effect of Grain Size Distribution on Erosion 

Erosion (Tons/Acre) 

Curing Compaction Soil A Soil B Soil C 
Condition State 31%<2y. 23%<2(j. 10%<2|j. 

As-Molded Dry 18.9 2k.2 83.I 
Optimum 15.6 17-2 91.1 
Wet 13-1 15-1 75.6 

28 Days at Dry 25.7 34.3 55-6 
Const w/c Optimum 16.3 17-9 69.2 

Wet 11.7 17.8 57-4 

28 Days at Dry 25.2 29.1 91.6 
50% Humidity Optimum 33-5 k3 .0 10^.6 

Wet 26 .9 25.7 90.2 
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Effect of Plasticity on Erosion 

To study the effect of plasticity on erosion, the 

two clayey soils were treated with 1.5% lime, which is the 

lime fixation point (per cent lime at which any increase in 

the per cent lime will not lead to an increase in the 

plastic limit). At the fixation point, all the lime 

present will be used in reduction of the plasticity index 

and will not affect the erosion potential of the samples by 

increasing the strength due to cementation in the as-molded 

condition. In Soil A, the plasticity index increased from 

9.6 to 25.6 by adding 5% bentonite. Table 12 shows the 

effect of the plasticity on the erodibility of soils A and 

B at different curing conditions. 

The data in Table 12 are illustrated graphically 

in Figures 22 and 23* Figure 22 illustrates the effect of 

plasticity on erosion for Soil A (standard AASHO, l4° 

slope, and 1.98 in/hr rain intensity) at various curing 

conditions. The effect of the plasticity index is shown 

on the left portion of Figure 22. Generally, the higher 

the plasticity index, the lower the erosion in the as-

compacted condition, except for the very wet samples where 

the lime caused lower erosion. It appears that at high 

moisture content, lime treatment increased the granulation 

of the soil, making it harder to erode. 

For the middle portion of Figure 22 (samples cured 

for 28 days at constant moisture content), it appears that 



Table 12. Effect of Plasticity on Erosion 

Erosion (Tons/Acre) 

No Treatment 1.5% Lime Treatment 5% Bentonite Treatment 

28 Days 28 Days 28 Days 

Soil 

Water 
Content 

% 

Dry 
Density 

pcf 
As -

Molded 

at 
Const 
w/c 

28 Days 
at 50% 

Humidity 
As -

Molded 

at 
Const 
w/c 

28 Days 
at 50% 

Humidity 
As -

Molded 

ax 
Const 
w/c 

2 8  Days 
at 50% 

Humidity 

A 11.0 115.4 18.9 25.7 25 .2 97-5 1.8 28.8 10.9 20.9 17-7 

1 2 . 6  118.4 15.6 1 6  . 3  33.5 8.4 0.2 2 6  . 7  8.6 13.4 1 6 . 1  

1 5 . 2  115.4 13.1 11-7 2 6  . 9  4.3 0.6 20.2 9.4 11-7 16.9 

B 9 . 3  120.1 24.2 34.3 29 .1 48.2 0.2 36.9 10.8 21.0 19-8 

11-5 123-2 17.8 17.9 43.0 1 8 . 9  0.5 27.8 13.7 16.1 31-1 

1 3 . 8  120.1 15.1 17.8 25-7 16.7 0.2 19.4 10.9 13.1 14.9 

v£> 
CTi 
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the lime hydrated and caused the samples to become stronger 

and erode less. For the other two curves, the higher the 

plasticity index, the lower the erosion. The convex 

contouring of the third portion of this figure was caused 

by the samples' curing condition. A probable increase in 

the formation of calcium-aluminum silicates occurred with 

time during curing. This cementatious product led to a 

slight increase in strength, which made the lime-treated 

soil generally erode less than the untreated soil. The 

bentonite-treated soil, highest in plasticity index, eroded 

least of all. Figure 23 illustrates similar results for 

Soil B. Accordingly, it may be stated that an increase in 

the plasticity index causes a decrease in the rain erodi-

bility of compacted soils. The more plastic the soil, the 

harder it is to detach, and if the soil will not detach, 

it simply cannot erode. 

Effect of Sample Length on Erosion 

Two sizes of samples were used in this study: 

the standard samples (l8 inches long, 3 inches wide, and 

1 inch high), and the smaller cylindrical sample 4 inches 

in diameter and one inch in height. Large samples will 

have a double rain erodibility effect: (l) splashing some 

soil particles away with the rebounding water that leaves 

the soil surface; and (2) the runoff of uninfiltrated water 



100 

on the top of the sloping soil sample, which transports 

the detached soil particles away from the eroding sample. 

On the other hand, the small samples, with their small 

surface area, receive less rain, so the amount of rain in 

the form of runoff is very small. Most of the erosion that 

takes place in the small samples is erosion by impact 

through the dissipation of momentum and kinetic energy of 

the raindrops per unit area. Table 13 shows the effect of 

sample size on erosion for Soil A (standard AASHO, l4° 

slope, I.98 in/hr rain intensity) cured under three 

different conditions. The first column represents the 

molding water content, and the second column presents the 

dry density at compaction. The third column outlines 

amount of erosion in tons/acre and is divided into two sub-

columns, one for large samples and the other for small 

samples. These sub-columns are in turn divided into three 

smaller sub-columns, each representing one curing condition. 

A comparison of small and large samples compacted identi

cally and cured under the same conditions shows that, 

generally, small samples erode less than large samples. 

Small samples are affected mainly by splash erosion, while 

the larger are affected by erosion due to both runoff and 

splash. The data in Table 13 are illustrated graphically 

in Figures 24, 25, and 26; each figure represents one 

curing condition. Figure 2k presents the effect of sample 

geometry on samples tested immediately after compaction. 



Table 13. Effect of Sample Size on Erosion (Soil A, 1.98 in/hr Rain Intensity, 
l46 Slope) 

Erosion (Tons/Acre ) 

Molding 
Water 

Content 
% 

Large Sampl es Small Samples 
Molding 
Water 

Content 
% 

Dry 
Density 

pcf 
As -

Molded 

28 days 
at 

Const w/c 

28 days 
at 50% 

Humidity 
As -

Molded 

28 days 
at 

Const w/c 

28 days 
at 50% 

Humidity 

10.0 112.5 20.4 31.4 28 .8 26 .4 26.7 30.7 

11.0 115-4 18.9 25.7 25.2 18.1 17.6 22.8 

12.6 118.4 15-6 16 .3 33-5 16 .1 11.5 14.8 

15.2 115.4 13.1 11.7 26 .9 10.6 6.9 14.4 

16.5 112.5 11-9 13-2 29.6 8.1 6.4 19-2 
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Small samples erode less than the large samples; the only 

exception was at moisture contents very dry of optimum; 

however, that difference is not of great importance. 

Figure 25 shows the effect of sample size on 

erosion for samples cured 28 days at constant moisture 

contents. The effect of runoff on increasing erosion can 

clearly be seen. At any molding water content, the differ

ence between the two curves can be attributed mostly to the 

runoff erosion. Both curves show that a reduction in 

erosion is caused by an increase in the molding water 

content, as discussed previously. Figure 26 shows the 

effect of sample size on erosion for samples cured 28 days 

at 50% humidity. Here also, the large samples have the 

mutual effect of runoff and splash erosion. Before runoff 

begins, the infiltration usually takes place until all 

reachable void spaces are filled. The large sample at 

optimum had a significant increase in erosion caused by 

slaking. Because no slaking can take place before con

centrated infiltration occurs, and, because the surface of 

the small sample compacted at optimum was subjected to a 

negligible runoff and consequently smaller water infiltra

tion occurred as compared to similar large samples, it may 

be stated that less slaking and thus less erosion occurred 

for the small specimens. 



CHAPTER 6 

GENERAL DISCUSSION 

The results of this study can direct the engineer 

in controlling and reducing the amount of erosion on any 

compacted soil structure. For example, it is advisable to 

compact the embankment with a sheep foot roller rather than 

a static compactor. The sheep foot roller, with its 

kneading action, produces a more oriented fabric which is 

less likely to erode than if the embankment was statically 

compacted. For erosion control, preliminary erosion tests 

are recommended. Using preliminary erosion test data, the 

critical slope where maximum erosion takes place can be 

avoided. If an excessive amount of erosion is noticed 

during these preliminary tests, then an increase of the 

plasticity index will be useful. If the structure is to be 

constructed in a humid area, then it is advisable to 

compact at optimum or wet of optimum. For structures 

compacted in areas of low humidity, compaction should be 

at dry or wet of optimum. 

Many other conclusions could be formulated from 

this study contributing to the stability of structures 

against rain erosion. 

106 
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In Chapter 5 the effect of each individual variable 

on erosion was outlined. The idea of presenting the effect 

of two or more variables on erosion in one equation 

appeared to be of interest and is attempted in this chapter. 

The effect of two independent variables on the dependent 

variable is usually presented in an equation in the form 

of: 

Y = Bo + B1X1 + B2X2 

where Y equals the dependent variable, and X^, are the 

independent variables, B , B , and B are coefficients to 
O X £ 

be determined. 

By subjecting the data obtained in this study to 

this mathematical treatment, different formulas resulted 

for different soils and erosion conditions. For example, 

the effect of dry density and water content on erosion for 

Soil A (1.98 in/hr rain intensity, l4° slope) showed that: 

E = 6.1 + 5 • w/c - 0.04 

where E equals the amount of erosion in tons per acre, w/c 

equals water content in per cent, and Yd equals dry 

density in pcf. For Soil B we had the following equation: 

E = 80.4 + 8.2 w/c - O.65 Yd, 

and for Soil C: 

E = 98.8 + 7-0 w/c - 0.51 Yd-
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These three equations indicate that erosion increases with 

the increase in water content and decreases with increasing 

the dry density. However, the former deduction was proven 

wrong in Chapter 5 while presenting the data on the effect 

of water content and dry density on erosion. These three 

equations gave the wrong deduction because they considered 

the dependent variable erosion as a function of only water 

content and dry density, but erosion is really a function 

of more variables than these two. Therefore, the idea of 

combining more variables in one equation is significant. 

Multiple regression was used in the data analysis 

to obtain the best fit of a set of observations of differ

ent independent variables on the dependent variable. In 

the equation 

Y = B + BJ, + B X0 . . . B X 
o 11 2 2 n n 

where Y equals the dependent variable, , X^, ••• X^ are 

the independent variables, and Bq, B^ ... are coefficients 

to be determined. In simple mathematical explanations, a 

multiple regression solution will give the best least 

squares value of these coefficients for a given sample of 

observations. The solution of this equation as described 

by Nie, Bent, and Hull (1970) should give a measurement of 

the reliability of each of the coefficients so that a 

comparison could be made regarding the parameters of the 

population from which the observation samples are taken. 
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A stepwise regression is a multiple regression which gives 

a means of choosing independent variables, providing the 

best prediction possible with the fewest independent 

variables. The first concern in this stepwise multiple 

regression is to choose the independent variable which best 

predicts the dependent variable. This independent variable 

can be found by measuring the correlation between the 

dependent variable and each of the variables. The correla

tion can be measured from the least square regression line 

found for each independent variable with the dependent 

variable, by the following equation: 

Y = B + BnX 
o 1 

where Y is equal to the dependent variable, X is the 

independent variable, 

(SY)(EX2)-(EX)(EXY) 
B = - - , and 

NEX - (EX) 

B = NEXY - (EX)(EY) 

1 NEX2 - (EX)2 

where N is equal to the number of trials. After finding 

the least square line, the coefficient of correlation is 

found by the following: 

V explained variation _ 
total variation — \l 

z(I«st - Y)2 

Z(Y - Y)2 
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where r is the coefficient of correlation of a dimension-

less quantity, ̂ es^ is "the estimated dependent variable 

from the least square line, Y is the dependent variable, 

— EY 
and Y = where N is the number of trials. 

After all coefficients of correlations are found 

between the independent and dependent variables, then the 

regression process begins between the dependent variable 

and the highest correlating independent variable by-

obtaining the least square equation. The second inde

pendent variable to be added to this regression equation 

is that which provides the best prediction in conjunction 

with the first added variable. This can be done by a 

complex statistical solution. Another independent variable 

will then be added according to its importance. Variables 

are added one by one until all are added to the equation. 

An independent variable thought to be of importance 

at the beginning of the regression might be of much lower 

importance when other variables are introduced so it will 

be taken out. The stepwise regression was used on this 

study to develop a general erosion equation as a function 

of all the variables (water content, dry density, per cent 

clay, per cent silt, per cent sand, plasticity index, 

specific gravity, compactive effort, curing time, rain 

intensity, and slope inclination). 

By making use of the erosion data of all statically 

compacted samples except for samples treated with lime and 
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bentonite, those compacted by impact, and small samples, 

the following equation was obtained: 

E = -13«7 PI + 20.6 I + ^.1 clay - 1.8l w/c 

+ 0.3 S + 0.1 CT - 0.8 yd + 1.2 sand 

+ 0.0001 CE, 

in which E equals erosion in tons per acre, PI equals 

plasticity index in per cent, I equals intensity in inches 

per hour, clay is per cent clay in the soil, w/c is water 

content in per cent, S equals slope in degrees, CT is 

curing time in days, is dry density, sand is per cent 

sand in the soil, and CE is compactive effort in lb-in/ 

ft cu. During the regression process, factors like per 

cent silt and specific gravity were dropped. This 

equation gave some wrong inferences about the effect of 

certain variables on erosion. For example, it showed that 

the higher the compactive effort, the higher the erosion, 

which was proven incorrect earlier in this dissertation. 

In this equation, the plasticity index explained 55% of the 

erosion, while a combination of the plasticity index and 

rain intensity explained 68% of the erosion. The combined 

effect of all the variables explained 73% of the erosion. 

Of great importance was the need to separate 

samples according to their curing condition, and the 

dropping of variables like specific gravity, compactive 
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effort, and plasticity index from the multiple regression 

process. Specific gravity was eliminated because of its 

small range in variation, and also because it was in

directly presented in the dry density. Compactive effort 

was also dropped from the regression process because it 

too was presented in the dry density. Plasticity, because 

of its small range of variation, was not used. Therefore, 

using a regression equation for erosion as a function of 

per cent clay, per cent silt, per cent sand, rain inten

sity, water content, dry density, and slope was needed. 

Following are three equations for the three curing condi

tions : 

1. As-molded condition 

E = 138.8  - 3*7 clay + 20.6 I + 6.1 silt 

- 3-4 w/c - 1.0 DD + 0.4 S R = 68.7°/O 

2. Twenty-eight days of constant water content 

condition 

E = 582 - 7*8 clay + 18.3  I - 5*2 sand 

- 2.5 w/c - 0.6 DD + 0.3 S R = 72.5% 

3« Twenty-eight days of 50% humidity condition 

E = 848.9 " 12.5  Clay  + 23-1 I - 8.0  sand  

- 0.6 DD - 0.6 w/c + 0.1 S R = 84.8% 

All terms are as described earlier except for R, which is 

the coefficient of multiple regression. The closer the 
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value of R to +. 1, the lower the variation is in predicting 

the amount of erosion. Because they did not improve the 

prediction of the dependent variable, sand was dropped from 

the first equation, and silt was dropped from the second 

and third equations. Figure 27 presents a comparison 

between the actual erosion and the regression equation's 

predicted erosion for l4t° slope, I.98 in/hr rain intensity 

for Soil A. Each of the three portions of this figure 

represents one curing condition. The curves plotted by the 

use of the regression formula's predicted erosion gave the 

same trend as those plotted for the actual erosion. If 

the coefficient of correlation was +_ 1 between the inde

pendent and dependent variables, both curves on each of the 

three portions of Figure 27 would have coincided. 

Another equation was found (for all samples tested 

except those treated with lime and bentonite, those com

pacted by impact, and the small cylindrical sample) to 

describe the effect of grain size distribution on erosion: 

E = -0.3 sand - 4.9 clay + 9*3 silt, 

in which E is erosion in tons per acre, and sand, clay, and 

silt are in per cent. This equation agrees completely with 

the results obtained earlier; the higher the silt content, 

the higher the erosion. 

It is pointed out that the equations presented in 

this chapter are based on the test results obtained in this 
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study. Accordingly, caution should be exercised in the use 

of these equations to predict the amount of erosion in 

actual field conditions or under different circumstances. 

At best these equations may be used to obtain the trend 

of anticipated erosion. 



CHAPTER 7 

CONCLUSION 

In this study, the effect of ten independent 

variables on the rain erodibility of compacted soils was 

studied. The following results were obtained: 

1. The higher the rain intensity, the higher the rain 

erodibility of compacted soils. 

2. There is a unique slope at which the rain erodi

bility of a given compacted soil would be maximized. 

3» Curing conditions have a great effect on the erodi

bility of compacted soils; the lower the relative 

humidity at which samples are cured, the higher the 

erosion. 

k. The higher the molding water content, the lower the 

erosion in the as compacted condition. 

5. For field curing conditions (50% humidity), the 

higher the dry density, the lower the slaking time, 

and thus the higher the erosion; it is therefore 

unwise to compact at optimum in a dry climate. 

6. At a given water content, samples compacted with a 

higher compactive effort erode less than those 

compacted with a lower compactive effort; in general, 

116 
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the higher the compactive effort, the lower the 

erosion. 

7» Samples compacted by the impact method erode less 

than those compacted with a static method of 

compaction. 

8. An increase in temperature leads to a direct in

crease in the quantity of eroded soil. 

9. In general, the higher the per cent clay, the lower 

the erosion; the higher per cent sand, the lower the 

erosion; and the higher the per cent silt, the 

higher the erosion. 

10. The higher the plasticity index, the lower the 

erosion. 

11. Rain erosion takes place in two significant forms: 

splash and runoff. 

By examining all these results, one can decide how to 

minimize the amount of rain eroded soil by changing the 

engineering properties of compacted soils. 

Suggestions for Further Research 

1. More extensive field study on the erosivity of 

compacted soils. 

2. The effect of the environmental conditions on the 

rain erosion of compacted soils. 
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3- A detailed investigation of the physico-chemical 

soil properties on the rain erosion of compacted 

soils . 

4. Effect of curing condition on the engineering 

behaviors of compacted soils. 

5. Stabilization techniques for reducing rain erosion 

of compacted soils. 



APPENDIX A 

CORRECTION FACTORS 

119 



120 

Table A-l. Erosion in grams and Correction Factors for 
4.5° Slope and 5° Aperture Angle 

Slot 
(1) 

Set "A" 
(2) 

Set "B" 
(3) 

Set "C" 
(4) Avg 

X (5) 
CF 

(6) 
Slot 
(1) W 

E 
CF WE 

CF WE 
CF 

Avg 

X (5) 
CF 

(6) 

1 71 1.39 58 1 .60 80 1.30 70 1-37 

2 115 0.86 119 0.78 I58a 0.66 117 0.82 

3 109 0 .91 ill 0.84 I3la 0.79 110 0.87 

4 123 0.80 93 1 .00 100 1.04 105 0.91  

5 91 1.09 137 0.68 112 0-93 113 0.85  

6 78 1.27 87 1.07  92 1.07  87  1 .10  

7 92 l .08 91 1 .02 78 1.33 87 1.10 

8 98 1.01 96 0.97 102 1.02  99 0.97 

9 77 1.29  77 1.21 83 1.25  79 1.22 

10 107 0.93 89 1.04 117 0.89  104 0.92 

11 90 1.10 76 1.22 101 1.03  89  1.08 

12 78 1.27 62 1.50 86 1.21  75 1.28 

13 87 1.14 86 1.08 105a 0.99 87 1.10 

14 106 0.93 95 0.98 109 0.95 103 0.93 

15 139a 0.71 94 0.99 95 1.09  95 1.01 

16 121 0.82 112 O.83  107 0.97 113 0.85 

Avg 99 93 104 96 

column 

aThis 
#5> 

number was not used for the average in 
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Table A-2. Erosion in grams and Correction Factors for 
4.5° Slope and 15° Aperture Angle 

Slot 
(1) 

Set "A" 
(2) 

Set "B" 
(3) 

Set "C" 
(4) Avg 

WE 
(5) 

CF 
(6) 

Slot 
(1) WE 

CF WE 
CF WE 

CF 

Avg 
WE 
(5) 

CF 
(6) 

1 104 1.42 I36a 1.32 110 1-37 107 1.46 

2 124 1.19 155 1.16  145 1.04 l4l 1.11 

3 151 O.98  198 s  0.91 151 1.00 151 1.03 

4 169 0 .88  195 0.92 186 0.8l 183 O.85  

5 I73a 0.86 195 0.92 200 0.75 198 0.79 

6 169 0.88 228 0.79 200 0.75 199 O.78  

7 181 0 .82  223a 0.8l 173 0.87 177 0.88  

8 191 0-77 178 1.01 209 0.72 193 0.81  

9 98 1.51  121 1.49 115 1.31 ill 1.40 

10 107 1.38  l46a 1.23 114 1.32 ill 1.4o 

11 120 1.23  170 1.06 151 1.00 147 1.06  

12 142 1.04 l6l 1.12 139 1.09 147 1.06  

13 161 0.92  193 0.93 216 0.70 190 0.82  

l4 171 0.87  211 0.85 150 1.01 177 0.88 

15 151 0.98  187 0.96 194 0.78 177 0.88 

16 153 0.97 181 0.99 163 0.93 166 0.94 

Avg 148 180 151 156 

column 

aThis 
#5> 

numb er was not ; used for the average s in 



122 

Table A-3 • Erosion in grams and Correction Factors for 
4.5° Slope and 20° Aperture Angle 

Slot 
(1) 

Set "A" 
(2) 

Set "B" 
(3) 

Set "C" 
(4) Avg 

(5) 
CF 

(6)  
Slot 
(1) 

WE 
CF WE 

CF WE 
CF 

Avg 

(5) 
CF 

(6)  

1 139 1.14 l68a 1.27 i4o 1.14 l4o 1.22 

2 176 0.90  2l4a 1.00  165 0.97 171 1.00  

3 189 0.84 208 1.02  169 0-95 189 0.91  

4 211 0.75 245 0.87 169 0.95 208 0 .82  

5 207 0.77 278a 0.77 225 0.71 216 0.79 

6 261 0 .61  257 O.83 203a 0-79 259 0.66 

7 209 0.76  248 0.86 184 0.87 214 0.80  

8 227 0.70  247 0.86 163 s  O.98 237 O.72  

9 92 1.73 133 1.60  107 1.50 111 1.54 

10 102 1.56  197a 1.08 129 1.24 116 1.48 

11 126 1.26  197a 1.08 94 1.70 110 1.56  

12 148 1.07  187 1.14 139 1.15 158 1.08  

13 164 0.97 239a O.89 172 0.93 168 1.02 

14 159 1.00 181 1.18 2l8a 0.73 170 1.01 

15 129 1.23  217a 0.98  154 1.04 142 1 .21 

16 137 1.16  198 s  1.08 126 1.27  132 1.30 

Avg 159 213 160 171 

column 

aThis 
#5. 

number was not ; used for the average s in 
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Table A-4. Erosion in grams and Correction Factors for 
l4° Slope and 5° Aperture Angle 

Slot 
(1) 

Set "A" 
(2) 

Set "B" 
(3) 

Set "C" 
(4) Avg 

WF 
(!) 

CF 
(6)  

Slot 
(1) WE 

CF WE 
CF WE 

CF 

Avg 
WF 
(!) 

CF 
(6)  

1 40 1.83  68  1.58  60 1.42 56 1.46 

2 67 1.09 96 1.09 91 0.93 85 O.96  

3 95 0.77 l42a 0.74 77 1.10 86 0.95 

4 81 0.90 122a 0 .86  82  1.04 82 1.00 

5 76 0.96 llla 0.95 74 1.15 75 1.09 

6 67 1.09 100 1.05 82 1.04 83 O.98  

7 65 1.12 93 1.13 l43a 0.59  79 1.03 

8 91 0.80 91 1.15 71 1.20 84 0.97 

9 62 1.18 95 1.11 71 1.20 76 1.07 

10 72 1.01 134a 0.78 89 O.96  81  1.01 

11 68 1.07 I3la 0.80 82 1.04 75 1.09  

12 58 1.26 98 1.07 80 1.06 79 1.03  

13 75a 0.97 103 1.02 103 0.83 103 0 .79  

l4 89 0.82 98 1.07 85 1.00 91 0.90  

15 71 1.03 io i a  1.04 77 1.10 74 1.10 

16 97 0.75 101 1.04 91 0-93 96 0.85  

Avg 73 105 85 82 

column 

aThis 
#5-

number was not used for the average in 
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Table A-5. Erosion in grams and Correction Factors for 
l46 Slope and 15® Aperture Angle 

Slot 
(1) 

Set "A" 
(2) 

Set "B" 
(3) 

Set "C" 
(4) Avg 

% 
(5) 

CF 
(6) 

Slot 
(1) WE 

CF WE 
CF WE 

CF 

Avg 

% 
(5) 

CF 
(6) 

1 118 1.47 118 1.44 122 1-39 119 1.44 

2 136 1.28 129 1.32  135 1.26 133 1.29  

3 176 0.99 264a 0.65  176 0.97 176 0.97 

4 172 1.01 176 0.97 190 0.90 179 0.96  

5 210 0.83 192 0.89  195 0.87 199 0.86 

6 197 0.88 204 0.84 185 0.92  195 0.88 

7 196 0.89  191 0 .89  196 0.87 194 0.88  

8 15la 1.15 182 0.94 198 0.86 190 0.90  

9 145 1.20 156 1.09  llla 1-53 150 1.14 

10 157a 1.11 122 1.40 123 1.38  123 1.39 

11 179 0.97 1293 1.32  176 0.97 178 0 .96  

12 180 0.97 169 1.01 l6l 1.06  170 1.01 

13 219 0.79 198 0.86  213 0.80  210 0.82  

14 196 O.89  176 0.97 203 0.84 192 0.89  

15 174 1.00 163 1.05  178 0.96  172 1.00  

16 177 0.98 159 1.07  159 1.07  165 1.04 

Avg 174 170.5 170.1 171 -6 

aThis number was not used for the average in 
column #5-
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Table A-6. Erosion in grams and Correction Factors for 
l4° slope and 20° Aperture Angle 

Slot 
(1) 

Set "A" 
( 2 ) 

Set "B" 
(3) 

Set "C" 
(4) Avg 

(!) 
CF 

(6)  
Slot 
(1) VE CF WE 

CF WE CF 

Avg 

(!) 
CF 

(6)  

1 116 1.22 I53a 1.44 109 1.70 113 1.61  

2 l6o  0.89 187 1 .18 134 1.38 160 1.14 

3 130 1.09 225a 0.98 147 1.26  139 1-31 

4 155 0.92 233a 0.94 167 1.11 161 1-13 

5 188 0.76 268a 0.82  175 1.06 182 1.00  

6  164 O.87  33la 0.66 189 0.98 177 1.03  

7 162 0.88 250a 0.88 193 0.97 178 1.02  

8  106 1.34 228 0.96  173 1.07 169 1.08  

9 87a 1.63 158 1.39 167 1.11  163 1.12  

10 90a 1.58 165 1.33 196 0 .94 181 1.01  

11 126a 1.13 235 0.94 192 O.96  214 0.85  

12 124a 1.15 198 1.11 231 0.80 215 0.85  

13 153a 0.93 230 0 .96  224 0.83  227 0 .80  

14 l88a 0.76 238 0 .82  237 O.78  238 0 .76  

15 161 0.88 230 0 .96  211 0.88  201 0.91  

16 166 0.86 197 1.12 210 0.88 191 0.95 

Avg 142 220 185 182 

aThis number was not used for the average in 
column #5. 
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Table A-7« Erosion in grams and Correction Factors for 
26.1° Slope and 5° Aperture Angle 

Slot 
(1) 

Set "A" 
(2) 

Set "B" 
- (3) 

Set 1 

(4] 
11C " 
1 Avg 

\}w 
(5) 

CF 
(6) 

Slot 
(1) WE 

CF WE 
CF WE 

CF 

Avg 
\}w 
(5) 

CF 
(6) 

1 34 2.21 36 1.64 43 1.63  38 1.76 

2 89 0.84 81 0.73 77 0.91 82 0.82 

3 85 0 .88 77 0.77 75 0.93 79 0.85 

4 58 1.29  67 0.88 64 1.09 63 1.06 

5 77 0.97 74 0.80 77 0.99 76 0.88 

6 58 I.29  60  0 .98  65  1.08 6l 1.10 

7 55 1.36  55 1.07 79a 0.89 55 1.22 

8 75 1.00 65 O.91  62  1-13 67 1.00 

9 51 1.47  54 1.09 56 1.25 54 1.24 

10 93 0.81  48 a 1.23  96 0.73 95 0.71 

11 100 0.75  48 1.23 75 0.93 74 0.91 

12 64 1.17  48 1.23 75 0.93 62 1.08 

13 96a 0.78  50 1.18 59 1.19 55 1.22 

14 75 1.00 62 0.95 71 0.99 69 0.97 

15 85a 0 .88 57 1.04 59 1.19 58 1.18 

16 106 0.71  65  0.91 84 0.83 85 0.79 

Avg 75 59 70 67 

Column 

aThis 
#5-

number was not ; used for the average in 
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Table •
 

C
O
 

1 
<
 Erosion in grams and Correction Factors 

26.1° Slope and 15° Aperture Angle 
for 

Slot 
(1) 

Set "A" 
(2) 

Set "B" 
(3) 

Set "C" 
(4) Avg 

WE 
(5) 

CF 
(6) 

Slot 
(1) WE 

CF WE 
CF WE 

CF 

Avg 
WE 
(5) 

CF 
(6) 

1 85 1.46 72 2.04 77 1.43 78 1.56  

2 103 1.20 117 1.26 88 1.25 103 1.18  

3 121 1.02 113 1.30 118 0.93 117 1.04 

4 Ilk 1.09 153 O.96  95 1.16 121 1.01 

5 155 0.80 126 1.17 139 0.79 140 0.87 

6 148 0.84 75a 1.96 120 0.92 134 0.91 

7 125 0.99  147 1.00 109 1.01 127 O.96  

8  109 1.14 l46a 1.01 106 1.04 108 1.13 

9 81 1.53 llla 1.32 78 1.41 80 1.53 

10 88 1.4l H5a 1.28 72 1-53 80 1-53 

11 149 0.83  137 1.08 107a 1.03  143 0.85 

12 120 1.03  204a 0.72 128 0.86 124 O.98  

13 169 0.73 244a 0.60 158 0.70 164 0.74 

14 110 1.13 20la 0.73 110 1.00 110 1 .11 

15 146 0.85  201a 0.73 l6l 0.68 154 0.79 

16 157 0.79 188 0.78 99a 1.11 173 0-71 

Avg 124 147 110 122 

column 

aThis 
#5-

number was not ; used for the average in 
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Table A-9. Erosion in grams and Correction Factors for 
26.1° Slope and 20° Aperture Angle 

Slot 
(1) 

Set "A" 
(2) 

Set "B" 
(3) 

Set "C" 
(4) Avg 

<!> 
CF 

(6)  
Slot 
(1) WE 

CF WE 
CF WE 

CF 

Avg 

<!> 
CF 

(6)  

1 113 1.6l 92 I.63  116 1-77 107 1.65  

2 126 1.44 108 1-39 137 1.50  124 1.43  

3 146 1.25  139 1.08 I93a 1.06 143 1.24 

4 145 1.26  168 O.89  3l2a 0.66  157 1.13  

5 234 0.78  178 0.84 288 O.71  233 0.76  

6 156 1.17 225 0.67  274 0.75 218 0.81  

7 249a 0.73 l6l 0.93 155 1.32  158 1.12 

8 187 0.97 109a 1.38  184 1.11 186 0.95 

9 166 1.10 101a 1.49 172 1.19 169 1.05 

10 127 1.43  108 1.39 l86a 1.10 118 1.50 

11 187 0 .97  156 0 .96  214 0.96  186 0.95 

12 148 1.23  197 0.76  170 1 .21 172 1.03 

13 278 0 .65  152a 0.99 242 0.85  260 0 .68  

14 270 0 .67  185 0 .81  217 0.94 224 0.79 

15 204 0.89  171 0.88 222 0.92  199 0.89  

16 171 1.06  152 0.99 195 1.07 173 1.02 

Avg 182 150 205 177 

aThis number was not used for the average in 
column #5. 



Table A-10. Group Erosion (grams) and Correction Factors for 4.5° Slope and 
5° Aperture Angle 

Set "A" 
(3) 

Set "B" 
(4) 

Set "C" 
(5) 

Mean 
(6) 

Slot 
(1) 

Group 
(2) WE 

Total 

WE 
CF WE 

Total 

WE 
CF WE 

Total 

WE 
CF WE 

Total 

WE 
CF 

1 
2 
3 

A 71 
115 
109 

295 1.03 58 
119 
111 

288 0.97 80 
158a 

I3la 

369 0.84 70 
117 
110 

297 0.97 

9 
10 
11 

B 77 
107 
90 

274 1.11 77 
89 
76 

242 1.15 83 
117 
101 

301 1.03 79 
104 

89 

272 1.06 

6 
7 
8 

C 78 
92 
98 

268 1.13 87 
91 
96 

274 1 .02 97 
78 

102 

277 1.12 87 
87  
99 

273 1.06 

14 
15 
16 

D 106 366 
I39a 

121 

O.83  95 
94 

112 

301 0.93 109 
95 

107 

3H 1.00 103 
95 

113 

311 0.93 

4 
5 

12 

E 123 
91 
78 

292 1.04 93 
137 

62 

292 O.96  100 
112 
86 

298 1.04 105 
113 
75 

293 0-99 

13 87 86 105a 87 

Avg . 303 279 311 289 

aThis number was not used in the average in column # 6 .  



Table A-ll. Group Erosion (grams) and Correction Factors for 4.5° Slope and 
15° Aperture Angle 

Set "A" 
(3) 

Set "B" 
(4) 

Set "C» 
(5) 

Mean 
(6) 

Slot 
(1) 

Group 
(2) WE 

Total 

WE 
CF WE 

Total 

WE 
CF WE 

Total 

WE 
CF WE 

Total 

WE 
CF 

1 
2 
3 

A 104 
124 
151 

379 1.16  136a 

155 
I98a 

489 1.10 110 
145 
151 

406 1.18 107 
l4l 
151 

399 1.20 

9 
10 
11 

B 98 
107 
120 

325 1 .36  121 
l46a 

170 

437 1.23  115 
114 
151 

380 1.26 ill 
ill 
147 

369 1.29 

6 
7 
8 

C 169 
181 
191 

541 0.8l 228 
223a 

178 

629 0 .85  200 
173 
209 

582 0-.82 199 
177 
193 

569 0.84 

14 
15 
16 

D 171 
151 
153 

475 0.93 211 
187 
181 

579 0.93 150 
194 
163 

507 0.95 177 
177 
166 

520 0.92 

4 
5 

12 

E 169 484 
173a 
142 

0.91  195 
195 
161 

551 0.97 186 
200 
139 

525 0.91 183 
198 
147 

528 0.90 

13 161 193 216 190 

Avg. 44l 537 48o 477 

aThis number was not used in the average in column #6. 



Table A-12. Group Erosion (grams) and Correction Factors for 4.5° Slope and 
20° Aperture Angle 

Set "A" 
(3) 

Set "B" 
(4) 

Set "C" 
(5) 

Mean 
(6)  

Slot 
(1) 

Group 
(2) WE 

Total 
WE 

CF WE 

Total 

WE 
CF WE 

Total 

WE 
CF WE 

Total 

WE 
CF 

1 
2 
3 

A 139 
176 
189 

504 1.00 l68a 
2l4a 
208 

590 1.08  l4o 
165 
169 

474 1.01  l4o 
171 
189 

500 1.03 

9 
10 
11 

B 92 
102 
126 

320 1-57 133 
I97a 
197a 

527 1.20 107 
129 
94 

330 1.45  ill 
116 
110 

337 1-53 

6 
7 
8 

C 261 
209 
227 

697 0.72 257 
248 
247 

752 0.84 203a 
184 
l63a 

550 0.87  259 
214 
237 

710 0.72 

14 
15 
16 

D 159 
129 
137 

425 1.18 181 
217a 
I98a 

596 1.07 2l8a 
154 
126 

498 0.96  170 
142 
132 

444 1.16 

4 
5 

12 

E 211 
207 
148 

566 O.89  245 
278 a  

187 

710 0.89 169 
225 
139 

533 0.89  208 
216 
158 

582 0.88 

13 l64 239a 172 168 

Avg. 502 635 477 515 

aThis number was not used in the average in column #6. 



Table A-13. Group Erosion (grams) and Correction Factors for l4° Slope and 
5° Aperture Angle 

Set "A" 
(3) 

Set "B" 
(4) 

Set "C" 
(5) 

Mean 
(6) 

Slot 
(1) 

Group 
(2) WE 

Total 

WE CF WE 

Total 
W E 

CF WE 

Total 
¥ E 

CF WE 

Total 

WE 
CF 

1 
2 
3 

A 4o 
67 
95 

202 1.09 68 
96a 142 

306 1.03 60 
91 
77 

228 1.10 56 
85 
86 

227 1.06 

9 
10 
11 

B 62 
72 
68 

202 1.09 95 
134 
13la 

360 0.88  71 
89 
82 

242 1.04 76 
81 
75 

232 1.03 

6 
7 
8 

C 67 
65 
91 

223 0.99 100 
93 
91 

284 l.ll 82 296 
l43a 
71 

0.85  83  
79 
84 

246 0.98 

14 
15 
16 

D 89 
71 
97 

257 0.86 98 
101 a  

101 

300 1.05  85  
77 
91 

253 0.99  91 
74 
96 

261 0.92 

4 
5 
12 

E 81 
76 
58 

215 1.02 122a 
llla 

98 

331 0.95 82 
74 
80 

236 1.06  82  
75 
79 

236 1.02 

13 75a 103 103 103 

Avg. 220 316 251 240 

aThis number was not used in the average in column #6. 



Table A-l4. Group Erosion (grams) and Correction Factors for 14° Slope and 
15° Aperture Angle 

Set "A" 
(3) 

Set "B" 
(4) 

Set "C" 
(5) 

Mean 
(6) 

Slot 
(1) 

Group 
(2) 

WE 

Total 

WE 
CF WE 

Total 
W 
E 

CF WE 

Total 

WE 
CF WE 

Total 

WE 
CF 

1 
2 
3 

A 118 
136 
176 

430 1.19 118 
129 
264a 

511 1.01 122 
135 
176 

433 1.16  119 
133 
176 

428 1.18  

9 
10 
11 

B 145 
I57a 

179 

481 1.07 156 
122 
I29a 

457 1.13 ma 4io 
123 
176 

1.22  150 
123 
178 

451 1.12 

6 

7 
8 

C 197 
196 
I5la 

544 0.94 204 
191 
182 

577 0.89 185 
196  
198  

579 0.87  195 
194 
190 

579 0 .88 

14 
15 
16 

D 196 
174 
177 

547 0.94 176 
163 
159 

498 1.04 203 
178  
159 

540 0.93 192 
172 
165 

529 0.96  

4 
5 

12 

E 172 
210 
180 

562 0.91 176 
192 
169 

537 0.96  190  
195 
161 

546 O .92  179 
199 
170 

548 0.93 

13 219 198 213 210 

Avg. 513 516 502 507 

aThis number was not used in the average in column #6. 



Table A-15. Group Erosion (grams) and Correction Factors for l4° Slope and 
20° Aperture Angle 

Set "A" 
(3) 

Set "B" 
(4) 

Set "C" 
(5) 

Mean 
(6) 

Slot 
(1) 

Group 
(2) WE 

Total 

WE 
CF WE 

Total 
W 
E 

CF WE 

Total 

WE 
CF WE 

Total 

WE 
CF 

1 
2 
3 

A 116 
160 
130 

4o6 1.05 I53a 

187 
225a 

565 1.17 109 
134 
147 

390 1.40 113 
160 
139 

412 1.30 

9 
10 
11 

B 87a 

90a 

126a 

303 1.40 158 
165 
235 

558 1.18 167 
196 
192 

555 0.98  163 
181 
214 

558 O.96  

6 
7 
8 

C 164 
162 
106 

432 0 .98  3 3 1a 

250 
228 

809 0.8l 189 
193 
173 

555 0.98  177 
178 
164 

524 1.02 

14 
15 
16 

D l88a 

161 
166 

515 0.83  238 
230 
197 

665 0.99 237 
211 
210 

658 0 .83  238 
201 
191 

630 0.85 

4 
5 
12 

E 155 
188 
124a 

467 0.91  233a 
268 
198 

699 0.94 167 
175 
231 

573 0.95 l6l 
182 
214 

557 0.96 

13 I53a 230 224 227 

Avg. 425 659 546 536 

aThis number was not used in the average in column #6. 



Table A-l6. Group Erosion (grams) and Correction Factors for 26.1° Slope and 
5° Aperture Angle 

Set "A" 
(3) 

Set "B" 
(4) 

Set "C" 
(5) 

Mean 
(6) 

Slot 
(1) 

Group 
(2) 

WE 

Total 

WE 
CF WE 

Total 

WE 
CF 

WE 

Total 

WE 
CF 

WE 

Total 

WE 
CF 

1 
2 
3 

A 34 
89 
85  

208 1.06 36 
81 
77 

194 0.92 43 
77 
75 

195 1.09 38 
82 
79 

199 1.03 

9 
10 
11 

B 51 
93 
100 

244 0.91 54 150 
48 
48 

1-19 56 
96 
75 

227 0.93 54 
95 
74 

223 0.91 

6 
7 
8 

C 58 
55 
75 

188 1.18 60 
55 
65 

180 0.99 65 206 
79a 

62 

1.03 61 
55 
67 

183 1.11 

14: 
15 
16 

D 75 
85 

106 

266 0.83 62 
57 
65 

184 0.97 71 
59 
84 

214 0.99 69 
58  
85 

212 O.96  

4 
5 

12 

E 58 
77 
64 

199 1.11 67 
74 
48 

189 0.95 64 
77 
75 

216 O.98  63 
76 
62 

201 1.01 

13 96a 50 59 55 

Avg. 221 179 212 204 

aThis number was not used in the average in column #6. 



Table A-17. Group Erosion (grams) and Correction Factors for 26.1° Slope and 
15° Aperture Angle 

Set "A" 
(3) 

Set "B" 
(4) 

Set "C" 
(5) 

Mean 
(6)  

Slot 
(1) 

Group 
(2) WE 

Total 

WE CF WE 

Total 
W E CF WE 

Total 

WE CF WE 

Total 

WE CF 

1 
2 
3 

A 85 
103 
121 

309 1.17 72 
117 
113 

302 1.39  77 
88 

118 

283 1.13 78 
103 
117 

298 1.20 

9 
10 
11 

B 81 
88 

149 

318 l.l4 llla 

115a 

137 

363 1 .16  78 

72a 
107 

257 1.25 80 
80 

143 

303 1.18 

6 
7 
8 

C 148 
125 
109 

382 0.95 75a 

147 
l46a 

368 1.14 120 
109 
106 

335 0.96  134 
127 
108 

369 0.97 

14 
15 
16 

D 110 
146 
157 

413 0.88  201a 

201a 

188 

590 0.71  110 
161 
99a 

370 0.87  110 
154 
173 

437 0.82 

k  

5 
12 

E 114 
155 
120 

389 0.93 153 
126 
204a 

483 0.87  95 
139 
128 

362 0 .89  121 
l4o  
124 

385 0.93 

13 169 244a 158 164 

Avg. 362 421 321 358 

This number- was not used in the average in column #6. 



Table A-l8. Group Erosion (grams) and Correction Factors for 26.1° Slope and 
20° Aperture Angle 

S et "A " 
(3) 

Set "B" 
(4) 

Set "C" 
(5) 

Mean 
(6) 

Slot 
(1) 

Group 
(2) WE 

Total 

WE 
CF WE 

Total 

WE 
CF WE 

Total 

WE 
CF WE 

Total 

WE 
CF 

1 
2 
3 

A 113 
126 
146 

385 1-37 92 
108 
139 

339 1.33 116 
137a 

193 

446 1.36  107 
124 
143 

374 1.37 

9 
10 
11 

B 166 
127 
187 

480 1.10  101a 

108 
156 

365 1.23 172 
l86a 

214 

572 1.06  169 
118 
186 

473 1.08 

6 
7 
8 

C 156 592 
249 
187 

0 .89  225 
l6l 
109a 

495 0.91 274 
155 
184 

613 0.99 218 
158 
186 

562 0.91 

14 
15 
16 

D 270 
204 
171 

645 0.82  185 
171 
152 

508 0.89 217 
222 
195 

634 0.96  224 
199 
173 

596 0.86 

4 
5 

12 

E 145 
234 
148 

527 1.00 168 
178 
197 

543 0.83 312a 

288 
170 

770 0.79 157 
233 
172 

562 0.91 

13 278 152a 242 260 

Avg. 526 450 607 513 

aThis number was not used in the average in column #6. 
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