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TABLE 13. CORRELATION MATRIX OF MAJOR VARIABLES USED
IN STEPWISE NONLINEAR REGRESSION ANALYSIS

Variable G CS/A g E S q

Sediment concentration {Cs] 1.000 1.000 .961 .957 .816  .565

Concentration/area (CS/AJ 1.000 963 .960 .808 L573
Sediment discharge (qs) 1.000 1.000 .660  .758
Erosion (E) 1.000 .649  .766
Slope [SGJ 1.000 .054
Rainfall excess (qo) 1.000
Variable q dSU T u d v

Sediment concentration (Cs} .565 -.819 .524 .891 -.192 -.470

Concentration/area [CSKA} .573 -.814 .532 .893 -.181 ~-.463
Sediment discharge (qS] .758 -.685 L727 .968 .060 -.324
Erosion {Er} 766 -.677 . 735 .969 073 -.314
Slope (S,) .054 -,928 -,000 .571 -.696 -.734
Rainfall excess (qo) 1.000 -.131 .996 .849 676 .156
Water discharge (q) 1.000 -.131 .996 .849 .676 .156

Mean diameter of transported

sediment (dso) 1.000 -.084 -.602 .596 .738
Rainfall intensity (r) 1.000 .819 .710 .174
Mean local velocity (u) 1.000 L1855 -.290
Depth of flow (d) 1.000 .696
Kinematic viscosity (v) ) 1.000




the smaller the SEE , The

shows to what ex-
variables were explained

the better the equation.

- < " 2
coefficient of determination, R™ ,
tent variations of dependent

by independent variables; thus, the higher the Rz #
the better the equation (the range of Rz is 0 to 1).
Sediment Concentration as a Dependent Variable

The purpose of this computer run was to test

whether the sediment concentration was steady or un-
steady with respect to time. A one-hour run, there-
fore, was divided into 6 to 13 time intervals, and in-
stantaneous sediment concentration, Ci , was punched

for each interval with corresponding slope, Sc , and

intensities of rainfall, r . All values were obtained
at the end of 16 feer. The result of the run showed
that time did not enter into the multiple regression
analysis. There is no significant change of concentra-
tion with respect to time. Since this result is sig-
nificant, it is used in further analysis. Because sed-
iment concentration was steady, sediment transport was
also steady. Since sediment concentration was steady,
only the averaged values of sediment concentration,
Cs , and discharge, Qs , for each run of a given slope

and intensity were used throughout the analyses.

The experimental data showed also that water dis-
charge, velocity, rainfall intensity, and rainfall ex-
cess were steady. Consequently, flow was spatially
varied with respect to distance but not time. Sediment
discharge and concentration varied nonlinearly with
respect to distance, water discharge varied linearly
with respect to constant rainfall, and infiltration
varied linearly with respect to distance.

The first run of C; as a function of So T o
and time gives:
Sequelnce of regression equations ﬁ SEE ﬁ

L (13886  1.585
C_Il € ho

J6838 6804 6838 (L0w)

.1..540 5 1,225 rl.SZS

[
I Q

.9267  .3284 (2429 (110}

in which
Ci is in ppm,
S0 is in (ft/ft), and
e is the hase of the natural logarithm
As seen above, time did not enter the equation at all.

The averaged sediment concentration, Cs. was re-

lated to So' 9y rfu, q, dSO‘ dsgids00 " dSOO’ 15w B
d , w. The variables which correlated most strongly
with C5 were the mean velocity, u , and slope, So.

The equations obtained were:

5
Sequence of regression equations R_z' SEE AR
M e s L7947 5615 .7947 (L)
WY i R 0347 3241 1400 (112)
C, + o63333 T3 (gy5y3.19

5 I RO ST (8515 .3019 .0les (113

35

in which
Cs is in ppm,
U is in (ft/sec),
So is in (ft/ft),
v s in (ft’/sec) and
dSO is in millimeter (mm).

Eliminating dSO/dSOO , r/u from the previous

analysis, the equation,

_ . 533.022 .728 — 1.478 2.934 1.096
CS =g So u v fdso (114)
was correlated with highest R2 , with R2 equal to
.9446 and SEE equal to .3188.

Using slope, §_ , and rainfall, r , with sedi-

ment concentration, Cs , the following equations were

obtained:

Sequence of regression equations B SEE an’
13,660 1.480 -
C‘ .- e sn L6657 .7164 (6657 (115)
» 15.553 AT .2
Gl ma i Hg LA A (9407 3088 .2750  (116)

When the units of the variables were changed and
analyzed, the same type of equations with the same co-
efficients and constants were found, as long as Cs
was dimensionless.

Because certain variables such as v , ds0 " db ,
and X , were constant, no significant correlation be-
tween them and sediment concentration could be ob-
tained. However, significant results were obtained
when dimensionless forms were tried; for example, X
and v did not give good results. However, when they
were used with a Reynolds number of Re = qu/u, there

was a high correlation with sediment concentration. A
similar result was obtained for sediment discharge for
the same reasons. Dimensional analysis was used to
group the variables. The Reynolds number and slope
were the most important parameters throughout theanal-
ysis in correlations with sediment discharge, sediment
concentration, or local mean velocity.

Because dimensional analysis of Cs gave Cs = f

(Re, 50, roughness), a regressional analysis of C5 as

a function of the Reynolds number
The equation was:

and slope was run.

= eQ.SSd Ra.QﬁS S 1

5 (o]

% .453 a17)

with R® cqual to .9220 and SEE equal to .3674.

Sediment concentration, Cs , was divided by the

total area of flume and the sediment concentration per

unit area, CS/A , obtained. When CSIA was analyzed
as a tunction of S0 T P d50 i F s wydow The

following sequence of equations was obtained:



Sequence of regression equations R SE AR”
T i 7981 ,S487 7961  (118)
Rl el S 9307 L3302 .13 (UM
Ca = 0848 500 ¢ 956 2350 o35 3285 L0053 (120)
€ /a = o3T-19 1475 ¢ 678
5 -]

. p

i T 9409 L5194 004 . (121)

In Eq. (119), R? , did not increase significantly
when more variables than u and So were added. The

variables u and So , Therefore, are of considerable
importance.

Using r/u, v and d50 along with 8§  and u
gave the relation: ¢

5 - »
C./A = a57'669 5 2.250 {r/u)S.laG Ll.572 u'sﬁafd 1.184
E 0 50
(122)
3
with R® equal to .9477 and SEE equal to .3088.

Using only S° and r in the prediction equation for
CS/A gave Re equal to .94. This is significant inas-

much as they are often the only information available,

12

3

Sequence of vegression eguations gl SEE AR
C /A = 6”3 sﬂl']“ L6552 L7197 .es3z (129
Rifhwg 00 5 LA (i 8363 5156 .2851  (124)

Sediment Discharge as a Dependent Variable

As shown in Table 9, sediment discharge was first
calculated in terms of pound per second per foot of
width, then converted into different wnits such as
pound per hour, pound per hour per foot of width, pound
per second, ton per hour per acre. Sediment discharge
was also converted in terms of surface erosion loss in
feet per hour, in. per hour, and in. per second. Sur-

face erosion, it will be remembered, was defined as
removal of the surface layer of soil in terms of a
length unit,

In Table 13, the correlation matrix, R , shows

individual correlations between the variables when sed-
iment discharge, q » (in terms of pound per second

per foot of width) is the dependent variable; slope,
S0 s rainfall intensity, r ; rainfall excess, Ay

r/u , water discharge, 4 ;
trans-

rainfall-velocity ration;
mean diameter of transported sediment, d50 H

ported-original-sediment-diameter ratio, dSOXdSDO X

mean local velocity, U depth of flow, d ; and kine-
matic viscosity, v ; were the independent variables.
As can be seen from this table, the mean velocity, u ,
was the variable that correlated most closely with sed-
iment discharge, 9 Rainfall excess and water dis-

charge were the next highly correlated variables.

As discussed previously, some variables did not
correlate significantly, because they were constants

in these experiments. If these variables did vary dur-
ing the experiments, some of them, such as original
median sediment diameter, d 0 kinematic viscosity,
v , and length of slope, X | would be significant for
sediment discharge.

The following sequence of equations was obtained
from stepwise regression analysis, where variables were
individually selected.

Sequence of regression equations Ei SEE  AR™
&, Ehgt0e 8y Aeas 9372 4589 9372 (125)

{where U 1is in inches per second)

G % QU™ Sy BN A 9546 4000 D172 (126)

a = 72:670 1,506 503.11?
(/w5644 9719 3394 (0173,  (127)
in which

r and u are in in. per second, and

d50 is in mm.

The analysis above shows that mean velocity contributes
almost 94 percent of the variation in sediment dis-
charge. The sediment concentration analysis gave sim-
ilar results. Sediment concentration, Cs , Tepresents

the total sediment discharge, qg » because the entire

overland flow was sampled for sediment concentration at
each sampling time.

When the ratio of r/u was eliminated and d/dso

substituted, the results of the computer analysis were

14.074
= e

2.585 u.695 4.096 1.179

) 50 s

5 0

d /d (128)

in which R®* ,9622 and SEE

.3834.

is equal to is equal to

Sediment discharge as a function of slope, So i

and water discharge, q , yielded
o : 2 " -
Sequence of regression equations RT SEE &R

g, = a7 200 5747 1.1945 5747 (129)
)

e
- us.m q..NS 5 1.664

a 9588 L3805 3841 (130}

A

in which
q 1is represented in terms of in. per second of
runoff,
S, 18 represented in terms of percentage and,

q. is represented in terms of pounds per second

per foot of width.

When q is used in terms of Cfs/ft of width, asimilar
equation with a different constant is obtained:
r e11.727 q2.035 801‘654 ) (131)

in which R® 9588 and SEE

.53805.

is equal to is equal to



The following correlations were obtained when sed-

iment discharge was related to rainfall excess, 4y »
and slope, S0

Sequence of regression equations 3_2_ SEE i

Rl (5747 1.1945 5747 (132)

W i s e ,0588 .3805 .3841  (133)
in which

q_ is represented in terms of pounds per hour and,
=

q, is represented in terms of feet per hour,

Rainfall excess is the exact representation of water
discharge because water discharge is equal to rainfall

excess times constant slope length (q = qOKJ.

Sediment discharge in terms of feet per hour was

related to rainfall intensity, r , in terms of feet
per hour and slope, Ss
Sequence of regression equation 3_:_ SEE £
g, a P gheand .5280 1.2584 5280 (134)
g €0 RA g 200 .9635 .3581 .4355 (135)
Mean local velocity, u , depth of flow, d , and

kinematic viscosity,
discharge 95

v , are correlated with sediment

Sequence of regression equations B-  SEE 2R
q, = {rzet0:508) (8628 9372 .4589 .9372  (136)
3, = (1/e13-387) g3.711,,.650 L9521 4104 .0149 (137)
g (17636018 58.955
pkeh4 glidan 9596 L3860 0075 (138)
in which

g is represented in terms of pounds per second,

u is represented in terms of
d is represented in terms of

in. per second and,
in. per second.

Sediment discharge was analyzed as a function of
velocity, u , the Reynolds number, Re , slope, §_,
o
depth, d , rainfall excess, g and water discharge,
q . The correlations are:
Sequence of regression equations ﬁ SEE ﬁ
q, = C1/e?+168) 73,828 0372 45380 9372 (i39)
M e L0554 L3059 L0262 (140)
in which
u is represented in terms of feet per secondand,
q_ is represented in terms of pounds per second
per foot of width.
Sediment discharge as a function of u and q
gives:
3 L 360, 650
ay = 1T G 00 (141)
in which R2 is equal to .5747 and SEE is equal to
1.1945. The results are exactly the same as those for

37

Eq. (129) except that the constants are different as
will always be true if sediment discharge or other
variables are expressed in different units for differ-
ent times. Analysis gives similar correlations with
different constants.

Sediment
number,

discharge was
Re , and slope, So s

was sediment concentration analysis.

related to the Reynolds
for the same reason as

The results are:

Sequence of regression equations 3_: SEE ﬁ_t_:_
q = (/e'3-29% et 300 L6625 1.0641 6625  (142)
q, = (1/ethi048y et 08 o LASO g7 ane L2002, 1143)
in which A is represented in terms of pounds per

second per foot of width. Equation (143) presents the
most simple and practical relation. Important factors
such as X and v did not enter into thecorrelations
because they were constant, dimensionless parameters.
Re and S° related to A and X ; v therefore en-

tered into the equation.

Sediment discharge was related to tractive force

and stream power under the previously assumed models
- E: n = m

of a Kn (to ch and 9 * l(m ((to Tc) T Ll

To find constants, Kn and I(m , and coefficients, n

and m , of these models, 73 needs to be determined.

As mentioned before, T was calculated in threeways:

(1) uniform flow assumption, (2) wusing Eq. (43),
which was obtained by Li (1972) from statistical anal-
ysis, and (3) solving the momentum equation by numer-
ical approximation for % {Eq. 55). The three-way

determination of Y will result in different values

of the constants and coefficients in the models. More-
over, if m and n are assumed to be equal to unity,

the models will be linear. For a linear model with o
of uniform flow, the relations obtained from computer

analysis are:

2

Linear regression equations RD SEE LR’

= - 222 . .9222 44
ggm L0 (1= 1) 9222 .005§ .92 f144)
a, = T1274 (g - 1) u L9665 L0036 044, (145)

For nonlinear model, with T
lations are:

of uniform flow, the re-

2 2

Nenlinear regression equatichs AT SEE  ART
Tl N JBO94 6620 8694  (146)
4 = (13:'53’)((1n -1 BT loses La1ss 0%, (147)
if T is calculated using Eq. 43, the following

linear and nonlinear model relations are obtained from
computer analysis:

Linear regression equations " SEE 4R

ag = 19907 (1, - 1) L7377 0102 7377 (148)
q, = 28052 (1, - 1) @ 9281 L0058 1904 (140
ag o2:05256 (v, - :{:3'7“ (8659 6330 8659  (IS0)
Tl AR T 9476 4216 L0817,  (151)



If 1, is calculated using the momentum equation

(Eq. 55), the following equations are obtained from
computer analysis:

Linear regression equations ﬁ SER _45_2_

q, = 33932 (r - 1) 6184 01942 .61B4  [152)

q = -5387 (1, - 1) .8517 .0076 .2433.  (153)

4 = o718 r, - 7, 5000 8094 7997 8094  (154)

g, = "7 (r, - 7 D1 9105 .5196 .1101,  (155)

The analysis showed that nonlinear models yield
better correlation than linear models except for the
uniform flow assumption. Further, using the more com-
plex methods of computing 1  (methods 2 and 3) gave
no better correlations. °

Averaged Surface Erosion Depths as Dependent Variables

Surface erosion, E_, expressed in terms of feet

and in. of surface depth per second per hour, was cor-
related with given independent variables in the same
kind of nonlinear multiple regression analysis. Sur-
face erosion, Er , it should be noted, is another way

of expressing sediment discharge.

The erosion rate was analyzed wusing the indepen-
dent variables of slope, So 5 rainfall excess, q_ ;

0
rainfall intensity-mean velocity ratio, r/u ; water
discharge, q ; median diameter of transported sedi-

ment-original sediment ratio, dsofdso ; rainfall in-
o

tensity, r ; mean velocity, u ; depth, d ; andkine-
matic viscosity, v . All the variables are in terms
of feet per hour except dso, which is in mm; d ,

which is in in.; and viscosity, which is in ftz per
second. Correlations were obtained from the computer
in the following sequence:

2

Sequence of equations !i SEE AR”
Br = (17650735 8.583 .0388 .4488 9388  (156)
Er n gl7:154 3,500 u4.1543{[501.235

gieik 9608 .3865 .0220, (157)

in which Er is measured in feet of eroded soil sur-

face depth per hour. Mean velocity is the first vari-
able entered; ds0 , v, and d follow the velocity in

the correlation but did not increase Rz significantly

(only abour 2 percent). Although rainfall excess,
water discharge, and slope are important factors in
erosion, they do not enter into the correlation when
velocity is used because velocity has a correlation
with them. This means that velocity takes care of the
influence of q , q, - and SD on correlation.

When (r/u) was eliminated from the above anal-
ysis and the variables were converted into units of in.
per second, except for deg » which is in mm, v ,

which is in ftz per second, and d , which is in feet,
almost the same type of relation was obtained except

that q entered the equation after u, dSo and v
instead of after d . The equation is
Er ” e31.412 54.115 v4'754fd501'235 q.615 ’ (158)

38

s

in which R? equals .9608 and SEE equals .3865. If
Eq. (61) is compared with Eq.(62), the only difference
between the two is that q is selected by the computer
instead of d , with the same coefficient as before be-
cause both have the same partial correlation coeffi-
cient. Therefore, the computer picks one of them with
the same effectiveness it did in the correlation of
erosion. Thus, one of them may be written for the
other.

When (r/u) , u,d and v
erent equations were obtained.

were eliminated, dif-

Erosion, Er , was

correlated to So » Qg0 O dSOXd500 , and r in terms

of feet per hour,
and d../d

except that d50 is in mm and S°

are dimensionless, Because u was not

50
o

in the analysis, the first variable entered into the

correlation was q, with the following sequences:
Sequence of regression sgutinnl ﬁ SEE gl_li
£r = (176135 qnz.lsn (5866 1.1663 .5866  (159)
Gl N R b 9571 3845 3705  (160)
Er = (1/0'9%%) qoz.uls
1.338,, .920
S, Mgy L9588 .3860 .0017.  (161)

entered into the cor-

relation, it increased the result by 37 percent. The
last variable entered was ds0 ; it did not change RZ
significantly.

When the second variable, So i

When the above variables were converted intounits
of in. per second, the same equations with the same
coefficients were obtained. Of course the constants
were different.

2 2

Sequence of regression equations RC SEE AR
I q°"°" s 9571 3845 9571  (162)
Bre of 78 o 0L g 1338, 920 gse se0 L0017 (163)

, as a function of only slope, S0 4

gave the following sequence

Erosion, Er

and water discharge, gq ,
of regression equations:

2 2

Sequence of regression equations R SEE AR
Er = (1701334 2:130 5860 1.1663 .5860  (164)
Exix gt O08 o F-038 o 1018 L9571 3845 3705,  (168)

[:]
in which

E_ is in feet of eroded soil surface per hour,

q is in feet per hour (depth of runoff), and
S0 is in percent.

Equations (159) and (160) are exactly the same as Eqgs.
(164) and (165) because q is an exact representation
of q .

o

The variables, although in different units, give
the same type of correlation, except for the constant,
as follows:

1.778 2.038 , 1.618
T 4 S

E , (166)



in which

E. is in in. of eroded soil per second,

q
RZ

is in in. per second, and
equals .9571 and SEE equals .3845.

Thus, sediment discharge,

Cs. Er:

when independent variables are used.

U sediment concentration,

and erosion, produce similar correlations

Median Transported Sediment Diameter, dSEI , as Depen-

dent Variable

Median transported sediment diameter, dso , for
each run was related to slope, 5o , and intensity of
rainfall, rt . The correlations are:

Sequence of regression equations gi SEE g_Ri

B Epa A g 08 L8612 ,0R40 L8612 (167)

PR el e .8683 .0B38 0071,  (168)
in which

d.. is in mm, and

50

r is in feet per hour.

The slope was the first to enter the equation and pro-
duced a high negative correlation, In this run, r ,
when entered, was not significant at all. Negative

correlation of dSO with slope could be explained by

the fact that finer sediments are washed down faster
than coarser sediments on a steeper slope because of
the lack of cohesiveness of the particles. Different
units of r only change the value of the constant as

follows:
1.880 .306 _.037
d50 = l/e S0 T 5 (169)
with R® equal to .8683 and SEE equal to .0838, and
with r in in. per second.

A computer analysis to obtain a relation for dSG
as a function independent variables

resulted in

of the remaining

_ _B.148 _.045 .768 145
=e r v

078 & =
d HE " 8t

50 (170)

with R2 equal to .8908 and SEE equal to .0812, with
r in in. per second.

Mean Velocity of Overland Flow as a Dependent Variable

The results of statistical analysis up to this
point show that velocity is one of the variables most
highly correlated to sediment discharge, concentra-
tion, and erosion. But variables are correlated with
velocity; that is, although velocity was assumed to be
an independent variable with regard to sedimentation,
it, in turn, is dependent upon slope, rainfall inten-
sity or excess, and surface roughness. An analysis of
such variables will, therefore, help in determining
which variables correlated with velocity correlated
significantly with sediment discharge, sediment con-
centration, and erosion.
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So far this distance, X , has not been included
as a variable in the analysis. Now the distance, X ,
is entered into the analysis by using measured veloci-
ties at distances of 3, 6, 12and 16 feet, so that vel-
ocity appears as a function of distance as well as of
other independent variables. Velocity as a function
of slope, So , rainfall excess, P depth of flow,

d , kinematic viscosity, v , and distance, X , gives
the following sequence of regression equations:

Sequence of regression equations ﬁ SEE M_i
e .4054 .5081 4084 (171)
= _ 4 p :
A S T 6714 3805 2660 (172)
T et T8y qvl‘ass
1.236,,1. A
G e L8548 2567 1834 (173)
e (et T qnl.lsa
1.238, 1. ; :
x1-238/q1 010 ¢ 2596 161 ey 202 .oves (174
in which
u is in feet per second at a given distance,
a, is in feet per second,
d is in feet.
The most significant variables are q, and X . The
slope gives negative correlation because d enters

into the equation before S, » so that slope and d

are related with each other in negative correlation.

When d is eliminated from the above analysis,
the result is:
2 ; : 2 2
ce of regression equations R”  SEE  aR"

e W L4054 5081 .4054  (175)
im g0 q°'°°3 S92 6714 ,3805 .2660  (176)
Tt q°‘°" x-592 50‘575 (8138 L3082 .1424  (177)
To (et o 1 02

s (8228 2886 .coso  (178)

Equations (177) and (178) are similar to Eq. (36), de-
rived analytically, except for the constant and the
coefficients, which differ slightly. When d is re-
moved from analysis, the slope is positively correlated
with velocity.

Finally, as with C_ and q, , velocity, u, was

also run through the computer as a function of Re
and So . Reynolds number, Re , was the most highly

correlated independent variable, accounting for 70.4

percent of the variation in this analysis. The corre-
lations are:

Sequence of regression equations ﬁ SEE _L_lﬁ

T (176337601 5,651 L7042 L3584 L7042 (179)

Ta (176209687 o627 o 2336 BLT7 L2834 L1135 (180)



In subsequent sections the calculated velocities in
Eq. (180) will be compared with measured velocities,

Depth of Flow as Dependent Variable

Depth as a function of X , qo 5 S0 and v
gives the following equations:
Sequence of regression egquations Iﬁ SEE  aR”
ds ;1;."5°31;s°"" .5395 .2683 .5395 (181)
d = (a1t x's‘“rsa'aia T8I 1863 L2416 (183)
d= (1;05"?2} x40 qa‘3?1}5“'453 .8685 0712 .1g74 (133)

Kinematic viscosity, v , did not enter into regres-
sion. Depth of flow is related to slope, as opposed
to velocity, in negative correlation. When slope be-

comes steeper, flow changes from subcritical to super-
critical.

Depth as a function of Reynolds number, Re , and
slope, So , was correlated first with So , before

Re becomes negative correlation. The equations are:

Segquence of regression equations i_li SEE ?Ei
e (1;."50‘3rs°"3' L5304 L2683 5394  (184)
8 = (1/e8 57y pgr30yg 475 5631 L0768 .4237  (185)

Throughout all of the analyses,
ficance because it was constant. |
excess, slope, and Reynolds number are the important
variables, those significantly correlated to sediment
discharge, sediment concentration, and erosion. Al-
though length of slope, X , is an important factor
affecting sediment discharge and erosion, it could not
be tested in this analysis because it had almost a con-
stant value during all runs excpet for a slight change
with slope. This is one of the limitations inherent in
the study which future research should eliminate.

v had no. signi-
Velocity, rtainfall

RILL ANALYSIS

Rill erosion starts by channeling flow through
microchannels smaller than rills. If channels can be
obliterated by tillage they are called rills; if they
cannot be, they are called gullies. Thus, a rill is
an advanced stage of sheet erosion, whereas a "gully"
is an advanced stage of rill. The rate of rill ero-

sion depends mainly on rainfall intensity, slope of
surface, properties of soil, and surface conditions
(roughness, vegetation, tillage, etc.). Predicting

rill and gully development is not easy because the
factors affecting rill and gully development are not
well defined (Schwab, et al., 1966).

In this section the values and the ratios ob-
tained from rill observations were analyzed by com-
puter in terms of given independent variables. In the
following analyses, rainfall intensity, r , and rain-
fall excess, 9, » are expressed in terms of ft/sec;

q , is expressed in terms of cfs/ft
Re and S° are dimensionless; rill area/

water discharge,
of width;
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total area ratio, AR/AT , and total volume/rill vol-

ume ratio, VR/VT , are dimensionless; averaged depth
of gully, DR , 1s expressed in terms of ft/hr/ft of
and volume of gully,

terms of ft3/hr/ft of width.

width; VR » 1s expressed in

Rill/Surface Area Ratio as a Dependent Variable

The surface area of rills for each run divided by
the total area of flume surface gives the rill/area
ratio, &R/AT . This ratio is analyzed in terms of

surface slope, rainfall intensity,

rainfall excess,
water discharge, and Reynolds number.

Neglecting 9 ¢+ 9 and Re , the AR/AT ratio
as a function of r and So gives:

Sequence of regression equations Ei SEE 5._Ri

Aglhg w (1 59Ty o415 L7052 .1398 L7052 (186)

R i TR R (9400 0645 .2348  (187)
Thus, rainfall intensity explains 70.5 percent of all

variations in the rill area ratio.

Eliminating r , q , and Re , the ratio AR/AT
as a function of 9% and S0 gives:

Z

Sequence of regression equations i SEE AR™

Aofhy @ o3 106 o 340 7418 1308 .7418  (188)

ApfAy = 03333 g o331 g o168 9341 ,0676 .1923  (189)

The ratio AR/AT as a function of q and S0
yields:

Sequence of regression equations R’ SEE nl;z

L TR

Aglhy ® a Lo 304,340 7418 .1308 .7418  (190)

1,435 551 . 165
TR e e L9341 L0676 .1925 (191

The AR/hT ratio as a function of slope and Rey-

nolds number yields the following dimensionless form
of correlation:

Sequence of regression equations ﬁ SEE E‘;I.

A/As = (1743886 pg 356 7975 L1158 .7975  (192)
. - T

Ay = (/e 35 e Bt 5 MBT 9006 oz am 9y

The Reynolds number is the variable most correlated to
AR/ﬁT , with almost 80 percent of the variations ex-

plained by it. Water discharge gives the same corre-
lation as rainfall excess with a dependent variable,
excluding the constant. Therefore, q was eliminated
from further analyses.



Averaged Rill Depth as a Dependent Variable

Depths of rills measured at the end of each run
were averaged as representative of each run. These
averaged values were correlated to the independent
variables of rainfall intenstiy, slope, rainfall ex-
cess, and Reynolds number. The results of the analy-
sis of rill depth as a function of given variables
have been combined and given simultaneously.

Rill depth,
then to q0

was first related to r and

DR .

and SD, and finally to Re and

in the

So 3
SO 3
trial, while the other independent variables were
changed. The sequence of correlations obtained from
these analyses is as follows:

The slope was kept analysis for each

Sequence of regression equations f_ SEE ﬁ

D, = (rye’ 598, (2740 (5179 1,3820 5179  (194)
o, = a0y p2i748 501'96‘ 0720 L3814 4581  (1e5)
D = 7+590 g 7.296 (5654 1.3131 .S654  (196)
fig el B8, 410 ses.ssn 9674 3683 4020 (197)
Dy - DL et BTt .6256 1,2187 6256  (198)
b s (1/aldo188y 2219 S 1708 9637 L3683 3381 (199)

Rill Volume, V

R
Ratio, VR{VT , as Dependent Variables

and Rill Volume/Total Erosion Volume

Rill volume was then related to slope, rainfall
intensity, Ttainfall excess, and Reynolds number, and
the independent variables were correlated to the

rill/erosion ratio, VR/VT , in the same way previous-

v

ly mentioned in this section. R

The analysis of
with these variables yields correlations as follows:

Seq of regression equations ﬁ SEE i&‘

Yo ey 18 .5484 1,4939 .5494  (200)
Vo et A RN g 22 L9838 2000 L4144  (201)
vy = 22517 o 2.636 .5968 1.4131 .5968  (202)
S e A s°3'°1° oG 55 . JSeas (208
Vg = (1/615:0%) g,2-800 L6580 1.3015 6580  (204)
Vg " (1/0r0T65): 52557 501'35‘ 9763 .3510 .3183  (205)

The rill/erosion ratio, VR/VT , as a function of given

independent variables yields:
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Sequence of recression equations ﬁ SEE 5_33_
VelVy * (iza? 00y, 4620 5700 2711 5780  (206)
Vol o PR T Yk L0570 0877 3789 (207)
3.552  .508 247 .2561 .6242 (208)
VplVy = & q, .6 ¢
3,988 486 . .351 209
VplVq = e 9 5, L0532 0925 .3290  (209)
VplVg = (1/e*674) o538 6904 2325 6904  (210)
VelVy = (17797 Re'¥9 5 319 gsas .0s71 L2681 (2L)
The Reynolds number is, once again, one of the

most important parameters in predicting rill geometry.
Rainfall intensity, or rainfall excess, or water dis-
charge and slope are the second and third most impor-
tant parameters, The dimensionless form of the corre-
lations is important in comparing this study with any
other study. Therefore, special emphasis is given to
the equations that are in dimensionless form, espe-
cially those including Reynolds number and slope.

DISCUSSION OF RESULTS

In this section, figures are explained and dis-
cussed briefly, and selected prediction equations are
explained with application and comparison. Predicted
values versus measured values are plotted and compared
for sediment discharges, mean local velocity, and gul-
ly geometry. Finally, field application of the ero-
sion-loss-prediction cquation is explained, with its
limitations and advantages.

ANALYTICAL RESULTS

Longitudinal Mean Local Velocity Profile

Equation (36), suggested by a simplification of
the Navier-Stokes equation for parallel flow, indi-
cates velocity could be approximated by parabolic
curve. It was found that Eq. (36) and regression Eq.
(178) derived from data are comparable, Therefore,
Newton's law of viscosity is applicable for spatially
varied, steady overland flow under rainfall with low
Reynolds number. It appears that the parabolic verti-
cal velocity profile is a good approximation of over-
land flow under rainfall.

Sediment Transport Equations

Sediment-transport equations developed by dimen-
sional analysis, computer analysis of data, and model
assumptions are similar in general form. They are al-
so comparable for their terms in a physical sense.
Equation (89) is a dimensionless form of sediment-
transport equation as a function of Reynolds number,
slope, porosity, and roughness characteristics. Equa-
tion (143) is the prediction equation of sediment dis-
charge developed from regression analysis of data in
terms of Reynolds number and slope. A comparison of
the two equations shows that terms included in the



equations are identical except that
roughness were entered as a constant in Eq. (143).
Equations (74) and (155) represent a model, and an
equation obtained from a model, respectively, for sed-
iment transport in terms of stream power. Although
terms of Eq. (143) look different from terms of Eq.
(155), their physical significance is similar.

porosity and

Equation (143) contains slope, viscosity, and
Reynolds number, which includes rainfall excess and
flow length or water discharge. Equation (155) con-
tains mean velocity and tractive force which includes

depth of flow, viscosity, and slope. Thus, both Eq.

(143) and Eq. (155) include water discharge, viscos-
ity, and slope.

The results of dimensional analysis, regression
analysis of data, and assumed model, then, are found

to be similar.

FIGURES AND SIGNIFICANT RELATED VARIABLES

This section highlights the
ures and variables related to
Their significance lies in showing a single correla-
tion between dependent and independent variables,
which in turn shows the general trend of relationships.
Data plotted in these figures were also analyzed in
multiple correlation, from which regression equations
were selected.

significance of fig-
sediment transport.

Sediment Concentration Versus Time

Figures 6 to 11 show the change of

instantaneous
sediment concentration, Ci , with time on 5.7- to 40-

percent slopes with a given rainfall intensity. Aver-
aged values of Ci were calculated for the entire 60

minites, the first 30 minutes, and the last 30 minutes
for all runs. There were no significant differences
between the three averaging methods, and the average
concentration as calculated from the 60-minute record
was used in all computations.

A statistical analysis was also performed on the
concentration-versus-time data. For all runs Ci was

In some of the fig-
varied with t for short periods of time.

found to be independent of time,
ures Ci

These variations were believed to be the result of the
formation of rills but no comprehensive study of rills
was done. Also, in many of the runs steady-state con-
ditions were not reached during the first few minutes.

Slope and Intensity of Rainfall

Figures 12 to 19 show the relationship between
sediment yield in different units on different slopes
for given intensity of rainfall. These figures have
essentially the same meaning, since it was only sedi-
ment transport that was expressed in different units;
therefore, the shapes of the figures are similar. Sed-
iment yield (erosion loss) increased slightly with
slope, almost in a straight line at the lesser inten-
sity of 1.25 in. per hour, but increasing rapidly
at the higher intensities of 2.25, 3.65 and 4.60
in. per hour. Rainfall intensity of 1.25 in. per
hour may be very near critical rainfall (that in-
tensity which starts erosion) for the type of soil
studied in this experiment. Therefore, increases in
slope do not materially increase erosion 1loss with
this intensity of rainfall. Erosion loss increased
Trelatively more slowly with slopes up to 15 than with

42

slopes between 15 and 35.
loss seems to be less again,

After slope of 35, erosion

Among the most important factors affecting ero-
sion loss are steepness and length of slope. The pres-
ent study (Eq. 131) found the rate of erosion to
change with 1.66 power of slope steepness.

Water Discharge

Figure 20 shows that sediment discharge increased

slowly with increasing water discharge on slopes of
5.7 to 15 percent but increased rapidly on slopes of
20 to 40 percent. Figure 21 shows that water dis-

charge was constant and steady with respect to slope.

Mean Local Velocity,
Slope

Depth of Flow Versus Length of

Figures 22 to 27 show the relation between length
of slope and mean velocity, or mean depth, for given
slope and intensity of rainfall. Velocity increased
nonlinearly with increment of slope length. Depth
of flow increased more with slope length on smaller
slopes than on larger slopes. Mean velocity of over-
land flow increased with .59 power of slope length and
.375 power of slope steepness, according to data anal-
ysis, and .666 power of slope length and .333 power of
slope steepness, according to the analytical analysis
using the parabolic vertical velocity assumption.
Thus, those assumptionsare justified by data analysis.
Because of the steep but short segment of slope and
very shallow depth of water, the flow can be said to
be greatly influenced by viscosity; therefore, flow is
laminar.

Flow Properties, Reynolds Number, and Froude Number

As shown in Table 8, Reynolds numbers are very
small (less that 130), while Froude numbers are high
(0.6 to 5.4). According to these Froude numbers,
most of the flows were supercritical; it is an unusual
phenomenon to find supercritical laminar flow in prac-
tice, yet according to the Reynolds number and criti-
cal Reynolds number given by Chen and Chow (1968), the
flow of the present study falls into this supercriti-
cal-laminar-flow class. Although this flow is contin-
uously disturbed by raindrops, it is not a turbulent
flow, because 1) the Reynolds number is low and 2)
perturbations of flow by the raindrops die out as soon
as raindrop impact is diminished. This flow probably
represents the beginning of a laminar-sublayer of an
undeveloped turbulent flow; it will be termed in this
study agitated supercritical laminar flow.

Figure 28 shows
£ . Figures 30 to
and distance,

a relationship between Re and
34 show a relationship between £
X , for given rainfall intensities on
given slopes. Friction factors, which are taken from
Table 9, are exponentially decreasing with Reynolds
number and distance, especially under higher intensi-
ties of rainfall.

PREDICTION EQUATIONS

In the following sections, prediction equations,
derived both from the computer analysis of data and
from analysis, are presented for velocity, sediment
discharge and concentration, and gully geometry. Se-
lected prediction equations are listed in Table 14.

The discussion compares theory and measured walues
with predicted values. One of the most important ob-
jectives, of course, is to show how to predict soil



loss from overland flow; therefore, special considera-
tion is given to predicting sediment discharge. Be-
cause mean velocity of overland flow as an independent
variable is one of the basic factors affecting sedi-
ment discharge, more attention 1is given to velocity
than to other independent variables, so that the phe-
nomenon can be better understood.

Velocity is important not only in sediment trans-
port but also in boundary shear and stream power, fac-
tors which determine the rate of sediment discharge.
Although ‘tractive force, velocity, and stream power
are important, it is very difficult to measure or
evaluate them for overland flow generated by rainfall.
Therefore, regression equations with slope, water dis-
charge, rainfall excess, and Reynolds number, which
are easier to measure, are useful to predict sediment
discharge. Moreover, velocity and shear stress are
related to the variables above. Thus, the slope, the
Reynolds number (which includes rainfall excess), and
the distance are the dominant parameters for any pre-
diction equation presented in these sections.

Mean Velocity of Overland Flow

With the assumption of Sf - So , mean velocities

were calculated using analytical Eq. (36). Predicted
values were plotted against measured mean velocities
at given distances, slopes, and rainfall intensities,
as shown in Table 15 and Figs. 35 and 36. In the
figures, the difference between the perfect line (the
line with a 45° axis) and the actual line shows that
predicted values are less than measured values. These
differences come from the assumption of Sf = So ;, be-
cause Sf is always greater than 50 for spatially

varied flow, especially under rainfall impact. Accord-
ing to Eq. (36), the greater the S the higher the

f »
velocity. So, although there are discrepancies, Eq.
(36) gives fairly good approximations. If Sf were
evaluated, much better results could be obtained. The
correlation between measured values (Table 10) and
predicted values (Table 36) 1is very high, with RZ

equal to .9885.

The second prediction equation used was rTegres-
sion Eq. (180); from it mean local velocities of over-
land flow were calculated and then plotted at given
distances, slopes, and intensities, as shown in Table
16 and Figs. 37 and 38. Comparison of the predicted
values shown in Table 37 with the measured values
shown in Table 10 indicates that predicted values are
slightly less than measured values except for veloci-
ties at 16 feet, which are almost the same. These dif-
ferences, shown in Figs. 37 and 38, come from regres-
sion Eq. (180). This could explain only 82 percent of

the variation of velocities, having R®> of .8177, and
thus leaving 18 percent still unexplained. Although
predicted values of velocities differ from their mea-

sured wvalues, the correlation with R?

equal to .9880, is very high.

among them,

Equation (178), derived from data analysis, was
not used to predict velocity because of its similarity
to Eq. (180); however, it does show near agreement
with coefficients of Eq. (36), derived analytically
(see Table 14). This comparison helps to clarify the
mathematical model of overland flow-velocity variation
under tainfall.

Computing mean velocity using Eq. (36) as a mathe-
matical model of overland flow means assuming laminar
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excess,

and parallel flow for short increments of distance.
In a future study, a mathematical model should be der-
ived for turbulence flow as well.

Sediment Concentration and Erosion Depth

Sediment concentration, sediment discharge, and
erosion depth all have the same physical significance
in relating independent variables, because sediment
concentration is a dimensionless form of sediment dis-
charge and erosion depth is the conversion of sediment
weight into depth of surface. Therefore, selected
equations for predicting discharge (but not sediment
concentration and erosion depth) were used here, since
all three are simply different ways of representing
erosion loss.

Sediment Discharge

The sediment transport model, Eq. (74), whose co-
efficients and constant were determined by data analy-
sis in Eq. (155), was used to predict sediment dis-
charges for each run, which were then plotted against
measured values. Next, sediment discharges were pre-
dicted and plotted using Eq. (143). Predicted values
and measured values comparing the two methods are
listed in Table 17. The plots of predicted versus
measured values are shown in Figures 39 and 40. Both
tables and figures show that predicted values of sedi-
ment discharges are less than measured values. A com-
parison of predicted values obtained by Eqs. (143) and
(155) with measured values of sediment transport gives

a high correlation, having RZ equal to .983 and R2
equal to .97, respectively, Although correlation be-
tween predicted and measured values is very high,
there are certain limitations in the use of these
equations. First, Eq. (155) depends on the calcula-
tion of Tyl which is based on velocity measurements;

the effect of wvelocity changes on t is thus very

significant. Therefore, the evaluation of T, . 8s
well as measurement of velocities, is important.
Secondly, Eq. (143) was obtained from the analysis of

data collected on the model experiment under simulated
rainfall. It is not known how well simulated rainfall
represents the natural rainfall of a particular region,
or how much erosion due to laminar overland flow from
disturbed sandy soil over uniform slope represents
erosion over undisturbed natural soil. Moreover, the
length of slope did not vary during the experiment,
although its effect on erosion is quite significant.

In spite of the fact that limitations are impor-
tant, the models are good enough to enable us to un-
derstand the mechanism of soil erosion and to approxi-
mate soil loss wunder similar conditions. Throughout
the data analysis, the Reynolds number, slope, and
velocity were important factors affecting erosion and
sediment discharges, especially the Reynolds number,
which is defined as Re = qox/v and includes rainfall

distance, and kinematic viscosity. As an
earlier section shows, the whole problem in sediment
transport by overland flow, especially that generated
by rainfall, is to find a way to determine either T

or Sf and f . Therefore b is calculated direct-

The

advantage of Eq. (143) is that it is simple, easy and
dimensionless, which makes it useful in comparing the
data of other researchers,

The other equations in Table 14
for predicting sediment discharge,
similar to these two equations,

ly from momentum equation without Sf and f .

were not tested
because they are
but were selected so



that they could be compared with each other.
ticular the model assumed by Meyer and Wischmeier
(1969), Eq. (72), has almost the same coefficients as
Eq. (131), which was obtained by the regression analy-
sis of data, except that coefficient of water dis-
charge, q , differs, because Eq. (72) is in a more
general form than Eq. (131).

In par-

Rill Geometry

One of the important but poorly defined subjects
in erosion study is rill-and-gully geometry. There is
very little exact theoretical basis for predicting
rill-and-gully geometry.

Data analysis shows that rainfall and slope are
the most important variables affecting rills. Because
Reynolds number includes rainfall, prediction equa-
tions with Reynolds number and slope are preferred, as
before,

The relative rill surface area over total area
for each run was predicted by wusing Eq. (193), and
relative rill erosion, which means volume of rill over
total volume of erosion, was predicted by Eq. (211).
The predicted values for each run are listed in Table
18. The remaining selected equations in Table 14,
which differ from each other only slightly, are given
as possible prediction equations for different forms
of rill geometry., They can be used in the same manner
and for the same purpose as others which have been ex-
plained.

Comparison of measured values in Table 10 with
predicted values in Table 18 shows very close agree-
ment. Correlation between predicted and measured val-

ues is very high, with R? equal to .985. Both tables
show that erosion loss from gullies ranges from 10
percent to 48 percent, and similarly, that relative
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rill surface area ranges from 18 percent to 45 percent
for our experiment.

FIELD APPLICATION OF RESULTS

An objective of this study was to seek a way to
develop a soil loss prediction equation that could be

used in the field for a single storm, one that was
simple, accurate, and supported by basic concepts of
hydraulics and theory. Since selected equations in

Table 14 meet these
serve these purposes.

criteria any one of them could

Equation (143) can be used as a first approxima-
tion of soil loss resulting from overland flow genera-
ted by a single storm. The equation can be used when-
ever conditions are similar or when certain modifica-
tions of the constants are made. The reasons for
selecting this equation are that (1) the terms in the
equation can be determined easily and without any
major errors or easily obtained from meteorological
stations, (2) anvone with a basic idea of hydraulics
can use this eqguation to estimate soil loss, (3) the
equation is not time-consuming, and (4) it is there-
fore economical to use. Moreover, this equation yields
results comparable with those from the models accepted
in the literature and from dimensional analysis.
Knowing the Reynolds number, in including discharge,
rainfall, and length of slope, decreases the possibil-
ity of major error in determining Sf A - a4

There are, however, some limitations to its use.
For instance, in the present study the equation for
predicting sediment discharge was based upon data ob-
tained only for (1) sandy disturbed soil, (2) simulated
rainfall with a limited range of rainfall intensities,
(3) bare, smooth surface, and (4) short distance of
slope.



TABLE 14,

SELECTED PREDICTION EQUATIONS WHICH ARE OBTAINED FROM
NONLINEAR REGRESSION ANALYSIS AND ANALYTICAL ANALYSIS

6/
n 2 1/ Dependent 6
No. Equations R SEE Origin variable unit
N 2/
= /3 . /S _ 2/3 2/3 (353 _ . . : 2
1 u= (ggg / S¢ / a, /3 x /3, (359 533 S¢ 333 q, 656 X 8 (40) ANALY. ft/sec
= 3/
§ o (I g 09y BTN o ANTR SRR .8228 ,2836  (178) REG. £t/sec
3 = (1/e2°09087, o, 627 50'33598 .8177 .2834  (180) REG. ft/sec
4, = o59952 82628 ¢ 1.59977 e -
§ G w gt g RS o JASHIY 9224 .3674 (117) REG. ppm
6 at=C, =o(Re, S, P, do/d) (88) ANALY.
7 q = (1fe? 30y 328457 o 42760 9544 .400  (126) REG. 1b/sec/£t
5 [v] 4
of width
4/
8 q =8 g’ 8 M¥.g o106 4 1.666 (168) MODL.~  1lb/sec/ft
s TF 0 TF o :
of width
Y g s g1 7200 q2'03475 gaale .9588 .3805 (131) REG. lb/sec/ft
0 3
of width
10 q - S 0-S0848, 2075 5‘:‘1""“3”l .9588 .3805  (133) REG. 1b/sec/ft
o of width
1 g, s (e, gt 09A0S o 1,46002 9517 .4119  (143) REG. 1b/sec/ft
e of width
12 g = St )ﬁjl'SSSﬁ .9195 .5196  (155) MODL- 1b/sec/ft
=" jec. 3/ of width
I8 By ooV TR g o SFRE g R 9341 .0676 (189) REG. £e2/ £
14 Ag/Ap = 37 et S Ml T 0406 .0142  (193) REG. 62/ t2
15 Wy acgOOIRT o ABEION g 40303 9789 .3305 (203) REG. £t /hr/ft
L e of width
16 vy = (1/e10:76525) pe2:55688 ¢ 1.85121 9763 .3510 (205) REG.  ft>/hr/ft
‘ of width
il 7SS i R 9532 .0925  (209) REG. £t/ 6t
18 VoAV = 7 s T sl .9585 .0871  (211) REG. £e3/6¢°
i Equation number and how derived.
g-/#t:r:alytic:ally derived equation.
é;Regres.tiit;'n equation.
4/

—~ Model from literature.

éfAssumed model which its coefficients were found by data analysis.

§--/l.tnits which values are predicted.

Note: Units of independent variables are: SE and 50 are in ft/ft, 9 is in ft/sec, q is in cfs/ft
of width, X is in ft, e is natural logarithm base, v is ftz/sec, Re is dimensionless.
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XVIII 16986 . 269638 .4280235 .5185135
XIX .254009 .4032 640063 .77538
X L2944 .46735 .74187 .8987
XXI .1183187 .187819 .29814 361176
XXII .187458 .29757 .472365 .57223
XXIII .280306 .44496 .70632 .85565
XXIV .3242968 .514789 .8171769 .98994
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Measured T ot &' in f1/sec Meosured T ot 18' in ft/sec
Predicted velocity versus measured velocity Fig. 36. Predicted velocity versus measured velocity

at

TABLE 15.

PREDICTED MEAN LOCAL VELOCITIES OF OVERLAND FLOW

GENERATED BY RAINFALL AT A GIVEN DISTANCE FOR
EACH RUN FROM ANALYTICALLY OBTAINED EQUATION

. - 1/3 . 1/3 _ 2/3 2/3
(EQUATION 36: u-(?&)/ s°’ qof x*/3

Predicted velocities,

u's in ft/sec

3' and 6' (@ = (g/3w)1/3 5 13 3 /3,
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at 12' and 16' (u = (g/3v)

/% - Y3 215 ,2(8).
So q0 X



TABLE 16. PREDICTED MEAN LOCAL VELOCITIES OF OVERLAND FLOW GENERATED BY RAINFALL AT A GIVEN DISTANCE FOR EACH
RUN FROM REGRESSION EQUATION

(EQUATION 180: & = (1/e%"%9%87) pe-6270 g 33598,
Predicted u's in ft/sec
Run No. e 3 @ 6! @ 12! @ 16'
1 062179 .09603 L1483 1776
11 .1052133 .162486 .25094 .2998
111 .15065 .23262 .35924 .42984
v 17731 .27382 .42291 .50602
v .07756 .11978 .18499 .22048
VI .13027 .20118 .31069 .37178
VII .18640 .28787 .4445 .5324
VIII .218041 .33675 .52007 .62288
IX .09604 .14832 .22894 L2742
X .1481 .22877 3530 .42312
XI .2228 . 34406 .5317 .63668
XIT 2656 ,41013 6336 .75868
XI11 .11250 1737 .2683 .32146
XIV .16621 .25676 .39655 .4749
XV .25483 . 3935 60777 L72784
VI .29397 L4540 .70112 L8397
XVIT .131126 .2021 .3127 .37483
XVIIT .20116 .31076 .47584 .5745
XIX .29828 .6406 .7647 .85188
XX .337365 .52103 .80463 .9637
XX1 . 14676 .22576 .34895 .41752
XXII .22209 .54298 .52968 L6344
XXITI .32908 ,50822 78477 .94006
XXIV .37186 .57417 .88694 1.06225

TABLE 17. MEASURED AND PREDICTED SEDIMENT DISCHARGES BY EQUATION (143) AND EQUATION (155) RESPECTIVELY

(EQUATION (143): q = (1/¢11-64517 p2.05403

1.46002
5, )

. or7441 —1.5836

(EQUATION (155): q ((tg = TJ W) )

Predicted [ Predicted qg

by Equation 4-47 by Equation 4-59
Run No. (lb/sec/ft of width) (1b/sec/ft of width) (lb/sec/ft of width)

Measured g

I .000096 .0000748 .00002682
11 .00300 .0004177 .00028941
I1I .000646 .0013523 .00091326
v .001482 .0023078 .0021299
v .000294 .0001905 .000287033
VI .001508 .001121 .00192952
VII .00372 .003413 .00461508
VIII .00548 00564 .00718439
IX 000548 .0004409 .000553332
X .002974 .001902 .00317199
XI .007138 .007088 00768714
XII .01288 .012408 .01426633
XITI .000644 .0008189 .00128039
X1V 005686 .0030232 .00480844
XV .014504 .012038 .01185276
XVI .02666 .019047 .01994071
XVII .000922 .0015584 .00230314
XVIII .01015 .006508 .00715895
XIX .022648 .023032 .01677803
XX .03752 .03476 .02376312
XXI .00134 .0024687 .0036737
XXII .013096 .009749 .01048956
XXIII .0370 .035356 0237778
XXIV .06508 .05276 .03541768
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TABLE 18. PREDICTION QF RILL GEOMETRY
(EQUATION (193): A /A = (1762344968, ¢ 33759 50.14357]
Aj/Ar Ve/Vp
(predicted by (predicted by
Run No. Equation (211) Equation (193)
I 17887 .0991
1T .23709 . 14999
ITI .287852 . 19953
v .3143 .227046
v . 19678 12116
VI .26069 . 18325
VII .3163 . 243522
VIII .34418 27578
IX 21795 . 14711
X .2753 ,20743
XI .34304 . 286675
XII L3770 .329365
XIII L2349 . 16942
X1V .28983 .23078
XV .36473 . 32362
XvI .393904 . 36241
XVII veDla2 ,1955
XVIII .3163 .27415
XIX .3910 .3745
XX .41785 L4129
XX1 .26365 216377
XXI1I .33006 L3011
XXIII .4080 .411122
XXIV 43564 .45291
CONCLUSION The regression equation obtained from data analysis is:
- 13.98 1.664 .375 .64 59
The main objectives of this research were to W= ( 1/e ¥ ) So 9% X

study the mechanics of soil erosion from overland flow
generated by simulated rainfall, to study the most im-
portant factors affecting soil erosion, and to develop
a soil-loss prediction equation.

Experiments were conducted and data collected for
sediment concentration, surface velocity of overland
flow, water discharge, water temperature, infiltration
rate, bulk density of surface soil, slope, intensity
of rainfall, and rill geometry. The eroded sediments
collected were dried, weighed, and sieved for grain-
size distribution.

The results and conclusions of this study involve
the limitations of the use of (1) sandy distrubed
soil, (2) Reyneolds number to 130, (3) intensity of
simulated rainfall ranging from 1.25 in. to 4.60 in.
per hour, (4) slopes ranging from 5.7 to 40 percent,
(5) flume dimensions of 4'x5'x16', and (6) steady, spa-
tially varied flow under constant uniform rainfall and
infiltration.

The major conclusions are summarized below:

1. Longitudinal mean local velocity of spatially
varied, steady overland flow can be predicted in terms
of wviscosity, gravitational acceleration, friction
slope, rainfall excess, and length of run. The derived
equation is:

.333 _ .666 .666

Sf 9o

.333
u = ( £ )
3v
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The derived and regression equations were comparable.
Hence, it was concluded that a parabolic vertical vel-
ocity profile and Newton's law of viscosity were ap-
plicable for spatially varied, steady overland flow
under rainfall with a low Reynolds number.

2 The boundary shear stress, T, » can be ap-

proximated from the momentum equation of overland flow
under rainfall by the numerical method.

3. The dimensionless form of the sediment-trans-
port equation was found to be a function of Reynolds
number, slope, porosity, and roughness characteris-

tics, as follows:

d
50
CS = ﬁ (Re, SD' P, —d——)

4. Reynolds number and slope were found to be
the most important parameters in sediment transport.
The prediction equation developed from the regression
of data is:

a » (1/e11“"5) 1205 ¢ 1.46

o
Sediment discharge increased with the square of Rey-
nolds number, Re , and an almost 3/2-power of the

slope.

5. It was concluded that stream power, T U ,

gives better prediction of sediment discharge than



boundary shear, T The model derived from

regression analysis of the data is:

_ .744( ( ) —)1.584
= e T = o u
s (o] C »

6. Analysis indicates that sediment discharge
increases the square of water discharge, ¢ , and 5/3
power of the slope. This model was comparable to that
used by Meyer and Wischmeier (1969).

, alone.

q

The regression equation is:

11727 20035 1.664
; =% q So ;

Meyer and Wischmeier's model is:

_ 1.666 . 1.666
= STF q S0 .

Fin It was concluded that velocity, slope and
rainfall intensity were the most important factors af-
fecting soil erosion and sediment transport. Velocity
was found to be important not only in sediment trans-
port, but also in determining the boundary shear and
the stream power of the flow. Although tractive force
is an important factor in the overland flow phenomena,
it has proved very difficult to measure in the field
or in the laboratory. Therefore, regression equations
with easily measurable quaatities, such as slope,
water discharge, rainfall excess, and fluid viscosity,
were preferred for predicting sediment discharge.

q X

Re = —%— , became the dom-

inant parameters for the sediment-transport prediction
equations.

8. Sediment discharge increased by 3.625 (7/2)
power of the mean local velocity of overland flow and
almost the square of rainfall excess (2.13). Velocity
increased with 2/3 power of the Reynolds number, rain-
fall excess, and water discharge.

9. Reynolds number, rainfall excess, and water
discharge each had the same significance and influence
on mean velocity of overland flow and on sediment
transport from overland flow.

10. The relative surface area of rills was
changed by approximately 1/e power of rainfall excess,
water discharge, and Reynolds number, and .16 power of
slope.

11. The relative volume of rills was changed by
1/2 power of rainfall excess and water discharge, .54
power of Reynolds number, and approximately 1/3 power
of slope.

12, The volume or Tills was increased by 2.52
power of rainfall excess and water discharge, and 2.64
power of Reynolds pumber and square of slope.

Slope and Reynolds number,
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FUTURE STUDY

In the future, similar research should be carried
on with different types of undisturbed soil and with
varying length of slope and larger intensities of sim-
ulated rainfall approximating more closely natural
rainfall. Roughness properties of different soil
types and the resistance they offer to overland flow
under rainfall should be studied more comprehensively.
Roughness of soil surface should be defined and a rep-
resentative index of roughness found. With better
facilities, conditions, and methods, an attempt should
be made to measure more T and velocities with res-

Also, Sf and f
and the velocity change;

pect to distance. should be evalu-

ated from T then Sf and

f should be related to rainfall intensity, slope, and
roughness characteristics of the soil. '

Better criteria for defining the laminar and tur-
bulence flow under rainfall over mobile bed should be
found. Further, analytical analysis should be done
and experiments made on turbulence flow; when results
should be compared with the results of data analysis

and laminar flow. The overall conclusions should be
checked by field study or field data, and the final
developed erosion-loss prediction equation should be

applied to situations in the field.

Both theoretical framework and equations should
be developed for most general conditions of overland-
flow erosion under rainfall. In addition to concepts
from hydraulics and fluid mechanics, concepts from
stochastic statistics should, wherever necessary, be
used.

To test the effect of vegetation on soil erosion,
a different type and density of vegetation should be
used on various slopes under varying rainfall. The
hydraulic properties of vegetation on roughness and
velocity should be studied. The prediction equation
should include the roughness characteristics of soil
and the effects of vegetation.

Because it is impossible to have sheet erosion
alone, rill and gully erosion should be studied simul-
taneously. After flow concentration, small microchan-
nels (rills) start developing, and these rills begin
forming gullies. The mechanics of rill and gully for-
mation and all associated erosion should be studied
and understood.



APPENDIX

EFFECT OF VEGETAL COVER ON EROSION LOSS

Four runs were made with a 40 percent slope par-
tially covered with winter wheat (approximately 40
percent of the area). Data collected from these runs
included sediment concentration, sediment discharge,
and water discharge. It was found that this type and
amount of cover reduced erosion between 38 percent and
78 percent with rainfall intensities of 1.25 to 4.60
in. per hour. The effect of the vegetal cover as
an erosion-retarding agent decreased as rainfall in-
tensity increased. Data from these runs was used only
for qualitative comparison (see Tables A-1 and A-2).

Vegetal cover affects erosion loss in two ways:

If the soil surface 1s covered by vegetation,
raindrops will first strike the vegetation and then
will start flowing downhill; therefore, both splash
erosion from the impact and the turbulence effect of
the raindrops will be reduced significantly. Vegetal
cover increases resistance to overland flow and depth
of flow; boundary shear may also increase with depth.
Though it would appear that increasing boundary shear
would increase ercosion loss, it does not.  Boundary
shear alone is not a good criterion for erosion loss,
since an increase in boundary shear is accompanied by
a decrease in velocity and may be accompanied by a de-
crease in stream power; velocity used with boundary
shear is a better criterion. Moreover, since less area
is exposed to shear effect in the presence of vegetal
cover than from a bare area, net erosion loss is less.

Figure A-1 shows that increasing rainfall inten-
sity reduces the erosion-retardation effect of vegetal
cover by decreasing the relative effect of vegetal

(1) it dissipates raindrop impact energy and inter-
cepts rainfall, and (2) it reduces the area exposed to
erosion. Moreover, it reduces erosion loss in indi-
rect ways; for instance, the roots tend to bind soil
particles and the stems to hide eroded particles, If
soil particles are uniformly distributed, the hiding
factor is unity, as Einstein (1950) suggested. How-
ever, vegetal cover will increase the hiding factor
even 1f the particles are uniform.

cover on impact energy, flow resistance, and flow vel-
ocity. Vegetal cover decreases erosion, but the rate
of decrease depends on the type and density of the
vegetal cover as well as the intensity of rainfall.

Figure A-2 shows averaged sediment concentration,
Cs , from vegetated surface and bare surface at 40

percent slope with varying intensities of rainfall.

TABLE A-1, DATA FROM VEGETATED SURFACE RUNS
Rainfall 5 R
Sops Intensity cs % 4 a % TETP b ; AQ =
(%) (in/hr) (ppm) (1b/sec/ft) (cfs) (cfs/ft) (ft/sec) (c®) (°/t) (q/v)
40 1.25 9399.3 .000094 .00080 .0016 .00001 18 1.39 11.15
40 2.25 83464.98 .003148 .00306 .000601 .000038 18 1.39 42.0
40 3.65 165815.6 .00829 .0040 .00080 .000050 18 1.39 §7.2
40 4.60 2237600.5 .02236 .0080 .0016 .00010 18 1.39 11.5
TABLE A-2. COMPARISON BETWEEN VEGETATION AND BARE SOIL
Slope Rainfall C_, vegetated Cs. bare soil Difference Erosion
Intensity soil A Cs decreased
€3] (in/hr) (opm) (ppm) (%)
40 1.25 9399.30 44149 34749.7 78.71
40 2.5 83464.98 207585 124120 59.79
40 3.65 165815.6 313749 147933.4 47,15
40 4.60 223760.5 355885 132124.5 37.126
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ABSTRACT: Six different slopes and four different rain-
fall intensities were used. Momentum and continuity
equations for steady, spatially varied overland flow were
derived; boundary shear stress calculated and longitudinal
mean-velocity equation derived and tested. Dimensional
analysis was performed on all the variables, and data were
analyzed by computer. Sediment transport models from di-
mensional analysis, data analysis, and analytical approaches
were similar. Equations suitable for predicting sediment
yield in the laboratory, or as first approximations in the
field, were developed. Velocity, slope, and rainfall in-
tensity were the important variables. Slope and Reynolds
number proved dominant parameters.
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