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Gilley、 J ，E ， . Kincaid. D，C 、Elliot ， W.J 川d LaOen、 .I ， M 电 1 992 ， Scdiment delivery on rill 川ld interrill 山 C川

1. Hydrol 、 1 40 : 313•341

Equations which relate sedimcnt delivery to a powcr function of flow rate and slope gradicnt wcrc
cvaluatcd in this study. Thc data used to paramcterizc thc c叶uations wcre obtaincd from sitcs whcre crop
residucs had been rcmovcd. and moldboard plowing and disking had occurred. Mcasurements of sediment
delivery resulting from simulated rainfall were obtained from preformed rills and interrill areas. The
equations provided reliahle 咒diment delivery estimates f'lr selected soils located throughout the United
States. To usc the sedimcnt delivery equation队soil-related paramctcr valucs must he identi 白白1. Multiple
regression analyses were performed to relate parameter valucs uscd in the 叫ua t i o n s to selected soil
propertics. Equations were 且l川developed for estimating rill scdiment delivery under rainfall conditions
from rill soilloss and discharge dat ‘I collected without thc 正lddition of rainfal l. The equ且tions identified in
this study、and appropriate soils information , can bc used to predict sediment delivery on hoth rill and
interrill areas

INTRODUCTION

The important mechanisms afTecting soil erosion have been identified.

These factors are usually complex and difficult to represent mathematically.

As a result , empirical equations are often used to estimate the influence of

significant soil detachment and transport 且lctors on the erosion process.

Well-established procedures can be used to predict sediment transport in

streams and rivers. Lane (1955) presented a general expression for analyzing

river response to stream morphology. The product of sediment discharge and

particle diameter was found to be related to flow rate and slope of the stream.

A variety of commonly used sediment transport theories and their application

Correspondence to: J .E. Gilley、USDA-ARS、University of Nehraska , Lincoln句NE 685 83,
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in stream and river systems were described by Simons and Senturk (1976)
Transport concepts for both bed load and suspended load were presented.

Alonso et a l. (1 981) examined several transport formulas useful in
hydrologic modeling. The suitability of selected equations in estimating
sediment transport for a wide range of variables usually encountered in
agricultural watersheds was evaluated. Kirkby (1 978) and Quansah (1 985)
proposed power functions of flow rate to describe rill erosion.

A general sediment transport relationship for overland flow was identified
by Julien and Simons (1 985) using dimensional analysis. The eq uation rela ted
sediment discharge to a power function of flow rate and slope. Power
functions of flow rate and slope have also been used to estimate interrill
sediment delivery (Guy et aI., 1987) and erosion from furrow irrigation
(Kemper et aI., 1985). The objectives of this investigation were to: (I) test the
suitability of a power function of flow rate and 吕lope for use in estimating
sediment delivery on rill and interrill areas; (2) relate regression coefficients
used in the rill and interrill erosion equations to selected soil properties.

SEDIMENT DELIVERY MEASUREMENT PROCEDURES

Sediment delivery was measured by Elliot et a l. (1989) on soils located
throughout the United States. The locations吗slopes and particle size analyses
of the soils are presented in Table I. The soils were selected to cover a broad
range of physica l, chemical吨mineralogical and biological properties. These
properties resulted from diverse soil-f、arming factors acting through time ,

including climate, parent material , vegetation , biological activity and
topography. Each of the soils is considered to be of regional or national
Importance.

The study areas were located on unit、orm slopes having homogeneous soil
characteristics. Either corn or small grains had been planted the previous yea r.
All surface residue was first removed、and the area was then moldboard
plowed 3-12 months before the tests were conducted. After plowing , sites
were disked lightly and maintained free of vegetation either by tillage or
application of herbicide.

Soil samples for 叮te characterization were obtained and analyzed using
standard procedures (Soil Survey StafL 1984). Samples were collected at a
centrallocation and at several satellite points as is typical in a standard soil
survey. The following properties were measured at each site: cation exchange
capacity; coemcient of linear extensibility吨dithionite-citrate extractable
aluminum and iron content; exchangeable calcium、magneslul孔potasslllm

and sodium; percentage of sample consisting of clay电organic carbon、sand、

silt句very fine sand and water-dispersible clay; and soil water retained by a soil

Gilley, Kincaid, Elliot & Laflen in Journal of Hydrology 140 (1992)
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TABLE 1

Location吨slope and particle size analyses of selected soils

Soil Location A verage rill Average interrill Particle size
slope (%) slope (%) analysis

County State (% by_weigh t)
Non-ridged Ridged

Sand Silt Clay

Academy Fresno Calil、orma 4.5 4.2 49.5 62.7 29.1 8.2
Amarillo Howard Texas 3.6 3.5 44.5 85.0 7.7 7.3
Barnes-M N Stevens Minnesota 8.3 8.0 56.7 48.6 34.4 17.0
Barnes- N D Sheridan N. Dakota 5.8 5.9 48.6 39.5 36.0 24.5
Caribou Aroostook Maine 8.8 51.0 47.0 40.3 12.7
Cecil Oconee Georgia 4.5 51.0 64.6 15.6 19.8
Collamer Tompkins New York 8.7 51.0 70 78.0 15.0
Frederick 1νashington Maryland 12.8 51.0 25.1 58.3 16.6
Gaston Rown N. Carolina 6 .4 5 1.0 35.5 25.4 39.1
Grenada Pane Mississippi 8.7 51.0 2.0 77.8 20.2
Heiden Falls Texas 3.9 4.1 46.6 8.6 38.3 53.1
Hersh Valley Nebr川ka 6.6 。 6 58.9 74.4 15.9 。 7

Hiwιlssee Oconee Georgia 4.0 51.0 63.7 21.6 14.7
Lewisburg Whitley Ind ‘an ‘, 7.5 51.0 1日5 32.2 29.3
Los Banos Merced California 4.0 57.0 16.0 4 1.0 43.0
Manor Howard Maryland 8.6 5 1.0 43.6 30.7 25.7
Mexico Boone Missouri 39 51.0 5.3 68.7 26.0
Miami Montgomery Indiana 5.8 5 1.0 4.2 72.7 23.I
Miamian 'Montgomery Ohio 日 9 51.0 30.6 44.1 25.3
Nansene Whitman 飞νash i ng t o n 6.1 7.1 60.0 20.1 68.8 11.1
Opequon Allegany Maryland 12.0 51.0 37.7 3 1.2 3 1.1
Palouse Whitman 飞νa sh i ngt o n 6.5 。 . 3 6 1.5 9.8 70.1 20.1
Pierre Jackson S. D ‘ ,kota 6.6 577 9.6 40.9 49.5
Portneuf Twin I气dis Id ，、, h(、， 5.6 5.8 43.7 2 1.5 67.4 11.1
Sharpsburg Lane‘Ister Nebrωka 5.7 5.6 乡 7 . 0 4.8 55.4 39.8
Sverdrup Grant Mll1ne川ta 4.2 4.1 56.8 75.3 168 7.9
Tifton Worth Georgia 4.6 51.0 86 .4 10.8 2.8
Whitney 卜resno California 7.4 7.2 38.6 71.0 2 1.8 7.2
Williams Sheridan N. Dakota 乡 l 5.0 4日4 4 1.6 32.4 26.0
Woodward Harper Oklahoma 7.1 7.4 45.1 43.7 42 .4 13.9
lahl Roosevelt Montana 7.6 7.6 4仪5 46.3 29.7 24.0

sample at 0.3 and 1.5 MPa tension. Mean勾minimum and maximum values of

selected soil properties at the study sites are shown in Table 2.
A plot diagram of a typical rainfall simulation site is shown in Fig. I. The

study areas were disked immediately preceding testing. Six rills , 0 .46 m across

Gilley, Kincaid, Elliot & Laflen in Journal of Hydrology 140 (1992)
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TABLE 2

J.E. GILLEY ET AL

Mean , minimum and maximum values of selected soil properties at the study sites

Soil prop巳rty

Aluminum (%)
Calcium (cmolkg')
Cation exchange capacity (cmol kg ')
Clay (%)
Coefficient of linear extensibility (cm cm ')
Iron ('Yo)
Magnesium (cmol kg ')
Organic carbon (%)
Potassium (cmol kg ')
Sand ('/,;,)

Silt (%)
Sodium (cmol kg ')
Soil water content al 0.3 MPa (%)
Soil waler content 且t 1.5 MP过 (川 )

Very fine sand (叭，)

Water-dispersible clay (%)

Mean

0.15
9.0

15
21
0.03
1.2
2.7
1.2
0.65

40
39
0.09

21
9.6

12
8.3

Minimum

o.m
0.0
1. 7
2.8
0.00
0.20
0.10
0.16
0.10
2.0
5.5
0.00
4.9
1.1
1.1
1.I

Maximum

0.50
33
39
53

0.10
4.5
9.2
3.3
2.5

91
78

0.60
34
19
44
25

the slope by 9.0 m long、were formed using a ridging tool mounted on a small
tractor. A sheet metal border was placed at the top of each rill and a runoff
collection device was loca ted at the bottom. Details and dimensions of the rill
plots are presented in Fig. 2.

Each ofthe sites also contained six interrill erosion plots. These 0.50 m wide
by 0.75 m long plots had relatively 吕teep sides sloping toward a central
collection trough (ridged plots). At 15 of the locations , two additional interrill
plots with slopes similar to the existing topography were also 口tabl i s hed

(non-ridged plots). Average ~斗 l opes for both the ridged and non-ridged plots
are presented in Table I.

A portable rainfall simulator designed by Swanson (1965) was used to
apply rainfall at an intensity of approximately 62 mm h I Erosion data
collection was divided into three periods: (I) rainfall only until equilibrium of
rill flow occurred; (2) rainfall plus flow addition in increments at the top of
each rill; (3) flow addition at the top of each rill without rainf~tlI.

Runoffsamples were obtained from the interrill plots only during the initial
simulation period. Interrill 吕ample collection interval吕ranged from 5 to 10
min. Rill runoff observations were made every 5 min after the beginning of
runoff until equilibrium conditions occurred. Rill and interrill flow rates
obtained during the experimental tests are shown in Table 3.

During the second simulation period , rainfall was resumed and rill outflow

Gilley, Kincaid, Elliot & Laflen in Journal of Hydrology 140 (1992)
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Rotation

Fig. I. Plot diagram of a rainfall simulation site

317

was measured to identify steady-state runoff conditions. Once equilihrium
wa吕established， flow was added to the top ofeach rill at rates 0 1' 7 ， 1 4、 2 1 ， 2 8

and 35 I min I. For each in日ow increment rate , two (replicate) runoff、samples

were obtained from each rill Cor determination 0 1' discharge rate and sediment
concentration. Each rill was then handled as a separate replication in the
statl吕tical analyses

Inffow was added without rainfall during the third period. Inflow rates ,

runo日、measurement procedures and sediment sampling techniques were the
same as those used during the second simulation period. Additional details
concerning experimental procedures are given by Elliot et a l. (1989).

RILL SEDIMENT DELIVERY WITH RAINFALL

Testing of sediment delivery equation

Figure 3 shows rill sediment delivery rates with rainfall vs. flow rates for a
Nansene soi l. The results presented for the Nansene soil are also representa
tive of the other experimental sites. Kirkby (1978) and Quansah (1 985)
reported a similar increase in sediment delivery rate with flow rate.

Gilley, Kincaid, Elliot & Laflen in Journal of Hydrology 140 (1992)
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It can be seen from Fig. 3 that the experimental data fall into distinct
groups. These groups correspond to separate inflow increments. Substantial
variations in sediment delivery were sometimes found for a given flow rate.
These di町erences were usually larger at the higher flow rates.
Kemp咒er et a l. (1985) 吕川ugge创st臼ed an e仅叫qua川ltion of、 t山he 1'0‘o叶训ll owi ng f，、o创)1汀川rn丁ηm for

estimating s比ed副1mηent delivery ra飞"at臼e f什rom an 1口r‘丁丁r咕a川i川tion furrow:

sediment delivery rate a flow rateh slopeL)h
)l(

where a and h are regression coelficients. The regression coellicient h in eqn
(1) was identified for the with raint、all condition for each of the soils吨and a
mean value of 1.28 (standard deviation equals 0.363) was then determined.
For rill sediment delivery rate and flow rate given in grams per second and
liters per minute , respectively , and slope given as a fraction吨the following
equation was obtained

rill sediment delivery rate with rainfall 二 c flow rate 12X slope l
'! 2 (2)

The e町ects of slope length on rill sediment delivery rate are incorporated
into eqn. (2) through the flow rate variable. As slope length increases , flow rate

Gilley, Kincaid, Elliot & Laflen in Journal of Hydrology 140 (1992)
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TABLE 3

Rill and interrill flow rates obtained during the experimental tests

Soil Rill flow rates (I min I) lnterrill flow rates (mm hi)

飞可 i t h rainfall Without rainfall Ridged areas Non-ridged areas

Min Max Mm M川 Mm Max MIll Max

Academy 3.2 4 1.7 4.(, 39.(, 7.5 52.2 0.4 5白 ]

Amarillo k.9 4k.7 5.5 42.k 0.7 519 II 54.4
Barnes-MN 3.4 37.6 4.k 36.k 3.9 60。 ω"凤 1 (, 57.0
Barncs-ND 2.k 47.2 2.5 4/.k 4.7 52.3 2.3 54.0
Carihou 3.4 44.5 6.1 39.3 35.0 M.5
Cccil 11.0 43.4 (, .0 37.4 270 62.0
Collamcr n 465 7.1 4k.1 39.1 59.0
Frederick 3.2 4('.k 6.0 4/.4 271 (,5.4
Gaston 3.2 47.3 乡] 39.9 30.3 77.7
Grcnad ‘ i 3.0 4k.k 5.7 4k.k 5.3 59.7
I /eidcn 2.k 42.9 4 .4 39.3 2.1 70.9 7 7 67.2
I/crsh 2.4 54.3 5.k 43.1 4.7 (, /.4 2.6 6/.6
I/ iw‘ ISSCC 3.4 39.1 当 o 1白2 40.6 。4 . k

Lewishurg 3.2 42.4 6.1 .39.k 2I. k 56.7
Los Bano刊 21 31., 4.9 29.7 3.2 57.7
Manor 1.7 44.5 另白 42.k 1k.k 。60 . (，

Mcxico 3.4 45.4 5.6 3k.6 10 54.7
Miami 2.9 430 5.2 42.5 IU 负 7 . 9

Miamian 3.3 44.0 7.9 42.6 135 57.3
Nanscnc n 52.7 6.4 3k.0 50 71.2 。 7 45.3
。pC lj u o n 36 41.0 ,9 413 4气1 7当h

Palouse n 43.9 气。 升 k . 6 4.4 56.4 Ik 4k.9

Picrrc 31 39 日 3.7 37.k 4.4 5k.k

Porlncul 2.6 4 1.7 4.5 43.k 亏、 3k.7 2.1 34.9
Sharpshurg 3.k 40.9 1.4 3k .4 5.4 57.5 2.9 气。 7

Svcrdrup I.k 37.4 4.1 35.4 U 419 I.k 4.1.3
Tifton 9.1 42.0 4.(, 39.5 9.k 1 号 白

Whitncy 2.k 3k.9 4.7 37.9 41 (,U 2.0 50.7
讯! i ll i a m 日 2 吵 47.6 19 44.4 3.9 59.0 2.4 44.7
1叫food 、礼·ard 3.0 39. k 5.7 42.1 n 52.1 17 55.2
Zahl 2.7 43.9 4.5 411 4.6 56.7 吵吵 气亏气

becomes larger causing increased rill sediment delivery rates. Since eqn. (2)
provides estimates ofrill sediment delivery rates corresponding to a particular

flow rate吨it can be used directly for steady-state runoff conditions. To

determine total sediment delivery over an entire runol1、 巳vent， eqn. (2) should

be integrated with time

Using eqn. (刀、 add i t i o na l analyses were performed to determine the appro

priate regression coellicient c for each of the individual soils. Non-linear

Gilley, Kincaid, Elliot & Laflen in Journal of Hydrology 140 (1992)
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I 、ig. 3. Rill 出xl i mcn t delivcry ralcs with rainfall vs. flow 川lcs for a Nanscnc soil

regression procedures were first used to identify appropriate regression coefli
cients. Rill sediment delivery rate was then estimated u吕ing the regression
coefficients. Finally, appropriate r2 values were obtained from a simple linear
regression of predicted vs. measured rill sediment delivery rates

Results ofthe regression analyses are shown in Table 4. The value of c was
found to vary from 24.2 for the Opeguon soil to 386 for the Amarillo soi l. The
statistical analyses suggest that flow rate and slope gradient can be used to
estimate rill sediment delivery. Predicted vs. measured rill 比d imen t delivery
rates with rainfall for the Nansene soil are shown in Fig. 4. In general , close
agreement was found between predicted and measured values

Estimates of rill sediment delivery rates were obtained from egn. (2) for
sites located throughout the United States. This relation is relatively easy to
use since only flow rate and slope gradient are included as independent
variables. However、information on the regression coefficient c is required for
use of egn. (2).

Parαmeter value identi斤catiυn

Step-wise multiple regression analyses were performed to relate val ues of c

Gilley, Kincaid, Elliot & Laflen in Journal of Hydrology 140 (1992)
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TABLE 4

Coetlicients used to estimate rill sediment delivery rate with raint~t11 given flow rate and slope
gradient

Soil Regression coefficient
((''' )

Coefficient of determination
(I" )
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0.691
O.XI9
0.X52
O.X I3
0.X5X
O.X 乡 l

07X4
0.766
0.644
O.X64
0.734
0.957
0.X29
(l.X3X
0637
0.901
0.X59

M叫可/1 (' .1' ;11111 > 2.1i(,1Il 0! kg I

队l rnes-M N 53.1
Barnes-ND 44.1
Lewishurg 55.5
Los Banos 29.<)
Mexiω94.1

Miamian XO.7
Nansene 216
Palouse 9X 乡

Pierre 60.2
Portneuf 129
Sh且rpshurg 60.1
Sverdrup 127
Willi川11日5<) .9
Zahl 10。

。 7X X

0.764
0.733
0.6XO
0.6<)0
O.X27
0.771
0.919
0.642
0.XX9
0.X21
0700
0.749
0.757

, Regression coe tJicient (' is used in the equation: rill sediment delivery rate with I 正l i n t~t1 1 ('
flow rate l ，树 s l o pe l 飞 whe re rill sediment delivery rate ‘md flow rate arc in grams per second and
liters per minute. respectively. and slope is given 川a fr‘lelIon
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presented in Table 4 to soil properties shown in Table 2. Statistical analyses
suggested that (' was significantly correlated to exchangeable magnesium. For
soils with exchangeable magnesium less than or equal to 2.0cmol kg I

117 (organic carbon)川 . 9 (calcium) 二('二

十 11 . 1 0 (soil water content at 0.3 MPa) 十999 (吕od i u m )

(3)

where calcium and sodium are in centimol per kilogram吨and organic carbon吗

soil water content at 0.3 MPa句and very fine sand are given as percentages. All
the regression coefficients shown in eqn. (3) were significantly difTerent from
o at the 9SC1o confidence leve l. For exchangeable magnesium greater than
2.0cmol kg I

14.11十 6 . 9 5 (very fine sand)

1555.7(sil t)

(4)

1556.0 (sand)

17.977 (soil water content at 1.5 MPa) 十155、no

1554.3(clay) 十110.625 (potassium) -('
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where clay‘sand , silt and soil water content at 1.5 MPa are given as percen
tages吗and potassium is in centimol per kilogram. All the regression coelfi
cients shown in eqn. (4) were significantly di町erent from 0 at the 90%
confidence leve l.

Values of c were calculated for each of the experimental soils using soil
survey data and eqns. (3) and (4). Results of the analyses are shown in Fig.
5. It can be seen from Fig. 5 that predicted and actual values of c were similar.

Linear regre吕sion analyses were employed to compare predicted and actual
val ues of c. Results of the sta ti吕tical analyses are shown in Table 5. Coefficient
of determination values of 0.893 and 0.851 were found for eqns. (3) and (旬，

respectively.
The students I test was used to evaluate the hypotheses that the regression

coetllcients shown in Table 5 for the with rainfall condition equal I and that
the intercepts equal 0 at the 9SCYo confidence leve l. The slopes were not
significantly different from I nor were the intercepts significantly different
from O. Thus, analysis ofthe experimental data suggests that eqns. (3) and (4)
can be used to estimate the regression coefficient c used for rill sediment
delivery.

Gilley, Kincaid, Elliot & Laflen in Journal of Hydrology 140 (1992)
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TABLE 5

I.E. GILLFY ET AI

Statistical analysis of predicted vs. actual regrcssion coefficients used to estimate rill sediment
delivery rate

Regr巳sSlon equ正Ilion CoeffIcient of F (I ， 卢II

determination
(r') Students I Standard Students I Standard

error error

WITH RAINF斗IJ

MaKnesiunl ζ J υ cmol kK I

Predicted 二0.920 actual + 13.0 (l. X93 125 -0.966 0.OX2 1.05 12 .4

MilKI1£'sium > 2.11 clllol kK I

Predicted 二0.X47 一十14.X 0.X51 69 -150 0.10、~ 1.4X 10.1

W I7 'fIO U T RAINFAU.
Predictedτ0日75 actual 十 日49 0735 77 -1.26 0.099 1.05 X.09

RILL SEDIMENT DELIVERY WITHOUT RAINF八LL

Tl.'s!ing υr sl.'diη11.'n! d l.'!ivcry equal ion

Rill 且ediment delivery rates without rainfall vs. flow rates for a r\Jansene soil
are presented in Fig. 6. As was true for rainfall conditions吨the experimental
data can be seen to fall into distinct groups corre吕ponding to separate inflow
increments. Substantial variations in sediment delivery rates were found for
a given flow rate , especially at the higher flow rates. Differences in sediment
delivery rates at a particular flow rate appeared to be greate川、or the without
rainfall run (Fig. 6) than for rainfall conditions (Fig. 3).

The regression coeflicient h in eqn. (I) was also identified for the without
rainfall condition on each of the soils , and a mean value of 1.1 X (standard
deviation equals 0.287) was then determined. The following equation was
obtained for rill sediment delivery rate and flow rate given in grams per second
and liters per minute , respectively吨and slope given as a fraction

rill sediment delivery rate without rainfall d flow rate l I 何slope l 77 (5)

In contrast to the with rainfall situation , flow rates and sediment delivery
rates would be expected to decrease with downslope distance for the without
rainfall condition.

Additional analyses were perf、ormed to determine the appropriate
regression coefficient d for each of the individual soils. Regression coeflicients
were first identifIed using non-linear regression procedures. The regression
coeflicients were then u吕ed to estimate rill sediment delivery rates. Finally吨a

Gilley, Kincaid, Elliot & Laflen in Journal of Hydrology 140 (1992)
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simple linear regression 川、 p red i c ted vs. measured rill sediment delivery rate且

was used to obtain appropriate ,."2 values.
Results 01

、

t h e regression analyses are shown in Table 6. The value of d was
found to vary from 6.9(川、o r the Los Banos soil to 220 for the Amarillo soi l.
Results of the statistical analyses suggest that /lo w rate and slope gradient can
also be used to estimate rill sediment delivery without rainfal l. Predicted vs.
measured rill sediment delivery rates without rainl~dl for a Nansene soil are
shown in Pig. 7. In general 吨close agreement wa吕 fo u nd between predicted and
measured values.

Parameter \'a{ue identi/imtio l1

Values of d presented in Table 6 were related to soil properties shown in
Table 2 using 且 tep-w i se multiple regression analyses. The Los Banos soil with
its relatively low regression coellicient was not included in the analyses.
Statistical analyses yielded the following relation

(6)

1. 7 1 (calcium) - 22.7 (organic carbon)

0.628 (silt) 十345 (sodium) 十 1 34

123 (aluminum)

Gilley, Kincaid, Elliot & Laflen in Journal of Hydrology 140 (1992)
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TABLE 6

Coefficients used to estimate rill sediment delivery rate without rainfall given flow rate and slope
gradient

Soil Regression coe ffIcient
(d诅 )

Coefficient of determination
(r' )

Academy
Amarillo
Barncs-MN
Barnes-ND
Caribou
Cecil
Collamer
Frederick
Gaston
Grenada
Heiden
Hersh
Hiwassee
Lewisburg
Los Banos
Manor
Mexico
M川m l

Miamian
Nansene
Opequon
Palouse
Pierre
Portneuf
Sharpsburg
Sverdrup
Tifton
Whitney
Williams
Woodward
Zahl

"v

l
β
4
9
y
j
y
β
9
7
9
5
H
5
0
0
2
7
8
7
4
8
6
6
5

0
/
O
V
ζ
J
气
J
丁
4
Q
O
Q
F
Q
/
寸
f
t
，
A
-
E
A
U
V
1
J
《
J
A
V
气
J
《
J
匀
'
u
o
v
.
7
f
A
υ
A
U

寸
7
'
U
A
V
Q
/
A哼

《
J
A
-
E
G
A
V
e

《
J
O
V

6953I56l450l254485925703862377

;lIl

l-

0.851
0.819
0.849
0.815
0.842
0.827
0.843
0.892
0.712
0.739
0.738
0.883
0.917
0.751
0.732
0.891
0.839
0.730
0.633
0.753
0.708
0.903
0.607
0.882
0.860
0.732
0.859
0.858
0.866
0.714
0.760

"Regression coe lJicient d is used in the equation: rill sediment delivery rate without rain t'all 三

d flow rate!1 只slope!77、where rill sediment delivery rate and flow rate are in grams per second
and liters per minute吨respectively， and slope is given as a fraction.

Gilley, Kincaid, Elliot & Laflen in Journal of Hydrology 140 (1992)
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where aluminum吨organic carbon and silt are given a吕percentages， and
calcium and sodium are in centimol per kilogram. All or the regression
coelTicients shown in eqn. (6) were significantly different rrom 0 at the 9SCYcl

confidence leve l.
The soil survey data and eqn. (6) were used to calculate values or d for each

orthe experimental soils. Results ofthe analyses are shown in Fig. 8. Predicted
and actual values or d presented in Fig. 8 can be seen to be similar.

Predicted and actual values or d were also compared using linear regression
analyses. Results orthe statistical analyses are shown in Table 5. A coefficient
of determination value or 0.735 was found for eqn. (6).

The hypotheses that the regression coefficient shown in Table 5 ror the
without rainrall condition equals I and the intercept equals 0 at the 95%
confidence level were evaluated using the students t tes t. The slope was not
significantly different from I nor the intercept significantly different from O.
Thus , analyses of the experimental data suggests that eqn. (6) can be used to
estimate the regression coefficient d.

Gilley, Kincaid, Elliot & Laflen in Journal of Hydrology 140 (1992)
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Estimatif叹 ‘\'ediment delivery from furrow irri!{ati川1

The experimental conditions existing when inHow was added to the rill且

without rainfall were similar to those found under furrow irrigation , Equation
(I) was derived by Kemper et a!. (1985) specifically for furrow irrigation.
Thus , eqns. (5) and (6) could perhaps 让Iso be used to estimate sediment
delivery from furrow irrigation.

Proper installation of equipment used to measure runofT and erosion can
be di lIicult on relatively flat surface吕 . In addition , accurate measurement of
soil erodibility may be more easily accomplished on moderate slopes. A吕a
result , the erosion data used to parameterize and test eqns. (5) and (6) were
obtained from relatively uniform slopes with gradients varying from ap
proximately 3.6 to 12.8%. Furrow irrigation usually occurs on areas with
much smaller slopes. Limited tests of eqn. (I) on relatively flat areas were
perfonned by Kemper et a!. (1985). Additional testing of eqns. (5) and (6) on
surfaces with significantly lower slopes is needed.

Gilley, Kincaid, Elliot & Laflen in Journal of Hydrology 140 (1992)
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CORRECTION fACTORS FOR ESTIMATING RILL SEDIMENT DELIVERY

Identifying correction factors

329

(7)

Most rainfall simulators used under field conditions are relatively
expensive. Several individuals are usually required to assist with simulation
tests. If rill sediment delivery measurements could be made from preformed
rills without the addition of rainfall、data collection requirements would be
greatly simplified.

Correction factors were identified to allow estimates of sediment delivery
from rills under rainfall conditions given rill sediment delivery measurements
obtained without rainfal l. By multiplying the regression coefficient d obtained
without rainfall (Table 6) by the appropriate correction factor\the regression
coefficient c for use under rainfall situations (Table 4) can be identified.
Equation (2) could then be used to estimate rill sediment delivery rate with
rainf~tll. Regression coeflicients shown in Table 6 were divided by correspond
ing values in Table 4 to obtain correction factors for each of the experimental
sites. Correction factors shown in Table 7 ranged from 0.774 for the Pierre soil
to 4.33 for the Los Banos soi l.

Pαrame ter vαlue identificatiυn

The correction fa、￥acto川rs shown in Table 7 were related to soil proper川ti比es

presented in Table 2 using step-wise multiple r陀eg引resslOn a旧l口nalyses. The
correction f;、弘i

O叫I'、 ve口ry fine sa山nd. For soils with very fine sand"三11.0°;;)

e I.~~ (aluminum) 十O.09~5 (clay) 十 1.02 (organic carbon)

0.315 (soil water content at 1. 5 M Pa)

-- 0.0375 (water-dispersible clay) 十 I. 川

where aluminum , clay , organic carbon、soil water content at 1.5 MPa , and
water-dispersible clay are given as percentages. All the regression coefl1cient吕

shown in eqn. (7) were significantly different from 0 at the 9SC/;) confidence
leve l. For very fine sand >门 . 0%

(' - 0.0726 (calcium) - 0.871 (magnesium) - 1.20 (organic carbon)

十 0 . 849 (soil water content at 1.5 MPa) + 0.213 (8)

where calcium and magnesium are in centimol per kilogram , and organic
carbon and soil water content at 1.5 M Pa are given as percentages. All the
regression coefficients shown in eqn. (8) were significantly different from 0 at
the 95引confidence leve l.

Gilley, Kincaid, Elliot & Laflen in Journal of Hydrology 140 (1992)
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TABLE 7

Correction factors used to estimate sediment delivery rate from rills under rainfall conditions

given rill sediment delivery without rainfall

Soil Correction factor
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‘ ' T he correction factor (' is uscd in the cquation: (' II x (', whcrc (' and II arc rcgrcssion
coc tJicicnts idcntificd in eqns. (2) and (5) , rcspcctivcly.
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Values of c were calculated for each of the experimental sites u吕ing soil
survey data and eqns. (7) and (8). Results of the analyses are shown in Fig.
9. Predicted vs. actual values of c shown in Fig. 9 can be ~♀ee n to be simila r.

Linear regression analyses were perf、armed to compare predicted and actual
values of c. Results of the statistical analysis are shown in Table 8. Equations
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Fig. 10. Intcrrill scdimcnt delivcry ratcs vs. !low ratcs for a Nanscnc soil

(7) and (8) produced coefficient of determination values of、0.741 and 0.900.
respectively.

The students t test was used to evaluate the hypotheses that the regression
coeffJ.cients shown in Table 8 equal I and the intercepts equal 0 at the 99cYc)
confidence leve l. The slopes were not significantly different from I nor were
the intercepts significantly different from O. Th us吨analysesofthe experimental
data suggests that eqns. (7) and (8) can be used to estimate the correction
factor e.

INTERRILL SEDIMENT DELIVERY

TestinK oj" interrill ‘\'ediment delivery equatio!1 - ridKed areas

Interrill sediment delivery rates vs. flow rates for the Nansene soil are
shown in Fig. 10. Ridged and non-ridged plots were established on areas with
slope gradients of approximately 60.0% and 7.1°;;)、respectively. Sediment
delivery rates were much greater on the steeper surfaces. Owing to the wide
variation in slope gradients and sediment delivery rates、separate analyses
were performed for the ridged and non-ridged plots

Gilley, Kincaid, Elliot & Laflen in Journal of Hydrology 140 (1992)
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The regression coefficient b in eqn. (I) was 且rst identified for each of the
experimental soils , and a mean value of 1.0 (standard deviation equals 0.30)
was then calculated for ridged areas. The following equation was obtained for
interrill sediment delivery rate and flow rate given in grams per square meter
per second and millimeters per hour, respectively , and slope given as a fraction

sediment delivery rate from ridged areas = f flow rate x slope l 5 (9)

The appropriate regression coefficientjin eqn. (9) was first determined for
each ofthe experimental sites using non-linear regression procedures. Interrill
sediment delivery rates were then estimated from eqn. (9). Finally吨a simple
linear regression of predicted vs. measured interrill sediment delivery rates
was used to obtain appropriate r C values.

Results ofthe statistical analyses for ridged areas are shown in Table 9. The
regression coefficient f was found to vary from 0.018 for the Heiden soil to
0.989 for the Pierre soi l. Results ofthe regression analyses suggest that interrill
sediment delivery rate from ridged areas can be estimated using flow rate and
slope gradien t. Predicted vs. measured interrill sediment delivery rates for the
ridged Naw♀ene soil are shown in Fig. 门 . In gener川、close agreement was
found between predicted and measured values.

Parameter value identification - ridRed areas

Values 0 1'/ presented in Table 9 were related to soil properties shown in
Table 2 using multiple regression analyses. The Pierre soil with its very large
regression cocfIlcient was not included in thc analyses. The regression coclTi 
cientfwas highly correlated to magnesium conten t. f、or soils with magnesium
content less than or equal to 1.6 cmol kg I

/二。 1 677 (aluminum) + 0.0016 (sand) 十0.0023 (sil t)

十 0 . 00 1 9 (very fine sand) 十0.0035 (water-dispersible clay) - 0.1368

( 10)

where aluminu日1弓sand， silt , very fine sand , and water-dispersible clay arc
given as percentages. All the regression coe fTicients shown in eqn. (10) were
significantly different from 0 at the 9SCYo confidence leve l. For soils with
magnesium content greater than 1.6 cmol kg I

/二+ 0.00069 (calcium) 十0.00109 (clay) 斗 。.00027 (sand)

十 0 . 00 1 3 8 (soil water content at 0.3 MPa)

二 0 .00504 (soil wwter content at 1.5 MPa) 十0.02122 (I I)

where calcium content is in centimol per kilogram吨and clay, sand and soil

Gilley, Kincaid, Elliot & Laflen in Journal of Hydrology 140 (1992)
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TABLE 9

J.E. GILLEY ET Al

Coefficients used to estimate interrill sediment delivery rate from ridged areas given flow rate
and slope gradient

Soil Regression coefficient
υ.")

Coefficient of determination
(r2

)

MUKnesium 运1.6 emolλ可 /

Academy
Amarillo
Caribou
Cecil
Collamer
Frederick
Grenada
Heiden
Hersh
Hiwassee
Miami
。peq uo n

Tifton
Whitney
Woodward

。 .0 52

0.075
0.025
0.030
0.047
0.045
0.041
0.018
0.070
0.028
0.031
0.044
0.021
0.070
0.121

0.646
0.689
0.626
0.621
0.603
0.751
0.931
0.773
0.769
0.613
0.617
0.628
0706
0.646
0.794

MIIKllesiulII > I.币 《 月101人g

Barnes-MN
Barnes-ND
Gaston
Lewisburg
Los Banos
Manor
Mexico
Miamian
Nansene
P且louse

Pierre
Portneuf
Sharpsburg
Sverdrup
Williams
Zahl

0039
0.050
0.029
0.035
(Un3
0.048
0.051
0.029
0.049
0.049
0.989
0.029
0.026
0.044
O.。当0

0.054

0.662
0.875
0610
0.631
0.887
0.656
0.880
0.646
0.870
0.777
0.806
0797
0.821
0.825
0.766
0.710

, Regression eoe fJieient f is used in the equation: interrill sediment delivery rate from ridged
areas = f t1 0 w rate x slope川、where interrill ~议:d imen t delivery rate and t1 0 w rate arc in grams
per square meter per second and millimeters per hOL川 、respectively吨and slope is given as a
fraιtlOn
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water content at 0.3 and 1.5 MPa arc given as percentages. All the regression
coemcients shown in eqn. (II) were significantly different from 0 at the 90' Y<)
confidence leve l. Soil survey data and eqns. (10) and (II) were used to estimate
values of/f、or each of the experimental soils. Results of the analyses are shown
in Fig. 12. Predicted and actual values of、 / shown in Fig. 12 were similar.

Linear regre川ion analyses were also used to compare predicted and actual
values off Results of the statistical analyses are shown in Tahle 10. CoelIi 
cient of determination values for eqns. (10) and (I I ) were found to he 0.S60
and 0.S50 , respectively. The students / test was used to evaluate the hypotheses
that the regression coemcients shown in Tahle 10 for ridged areas equal I and
the intercepts equal 0 at the 95% confidence leve l. The slopes were not
significantly dillcrent from I nor were the intercepts significantly different
from O. Thus , analyses of the experimental data suggest that eqn吕.(IO)and

( I I) can he used to e且timate the regression coemcient f
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The regression coelIicient h in eqn. (I) was first identified for each of the
experimental soils、and a mean value of 1.0 (standard deviation equals 0 .40)

Tes/inK 0/ in/errill λ:ec!ill1en/ deli very ('(j /1(/ / ion
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TABLE 门
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Coefficients used to estil刊ate interrill sediment delivery rate from non-ridged areas given 日ow

rate and slope gradient

Soil

Academy
Amarillo
Barnes-MN
Barnes-N [)
Heiden
Hersh
Nansene
Palouse
Portneuf
Sharpsburg
Sverdrup
Whitney
飞，y i ll i am s

飞，yoodward
Zahl

Regression eoefJieient

(}(' )

0.665
1.09
0317
0.365
0.6(,6
0441
0.506
0.739
0.249
0.634
0454
0.279
0.697
0.314
0471

Coetticient of determination
(r' )

0.719
0.X46
0.763
0.XX6
0.924
0.640
0.702
0.X73
0.%9
0.929
0.X26
0721
0954
0.92乡

0.X17

, Regre川ion eoeflieient g is used in the e叫uation: interrill sediment delivery I'川 e from non
ridged arc山 川 g /l ow rate x slope] 飞where interrill sediment delivery rate and /l ow rate are
,n gram刊pel 忖quare meter pC I' second ‘lnd millimeters per hOlJl 、respectively‘and slope i 约 旦Iven

a约 且 1'， ‘lellon

was then calculated for non-ridged areas. The following equation was
ohtained for estimating interrill sediment delivery on non-ridged areas

sediment delivery rate from non-ridged areas J; flow rate x slope '
飞(12)

where sediment delivery rate and flow rate are given in grams per square meter
per 且econd and millimeters per hour、respectively吗and slope is given as a
fraction.

Non-linear regression procedures were first used to identify the regression
coe ffIcient J;. Equ ，孔川Ition(12) 叭

delive盯ry. Fina川i川lIy 、t孔tpp刀r‘飞(ο)pr门iate r' va川i川lues wereοht，孔山II山i口ined f、rom卢Iηn 让s叫♀刊Imp讨Ie linea川盯l川汀r-

r陀'eg引res川且lοn 0川i、 pred icted vs. measured interrill sediment delivery rate吕 .

Tahle 门shows results of the statistical analyses for non-ridged areas. The
regression coemcient J; was found to vary from 0.249 for the Portneuf soil to
1.09 for the Amarillo soi l. Results of、the regression analyses suggest that flow
rate and slope gradient can also be used to estimate interrill sediment delivery
rate for non-ridged areas. 卜igure II includes predicted vs. measured interrill
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(1 3)

sediment delivery rates for the non-ridged areas on the I、归nsene soi l. In
general句close agreement was found between predicted and measured values.

Parame{er va/ue identi/ica{iυn - non-ridged areas

Multiple regression analyses 认'ere used to relate values of g presented in
Table II to soil properties shown in Table 2. Statistical analyses yielded the
following eq ua tion

g = 0.009 (calcium) 十0.051 (cation exchange capacity)

十 1 6 . 2 (coeflicient of、linear extensibility) 十1.75(sodium)

0.184 (soil water content at 1.5 MPa) + 0.624

where calcium吨cation exchange capacity and sodium are in centimol per
kilogram. coelllcient of linear exten日ibility is in centimeters per centimeter and
soil water content at 1.5 MPa is given as a percentage. All of、the regression
coeflicients shown in eqn. (13) were significantly difTerent from 0 at the 90%
confidence level

Values of g were estimated for each of the experimental soils using soil
叽l rvey data and eqn. (13). Results of the analyses are shown in Fig. 13.
Predicted and actual values of g shown in Fig. 13 were similar.

Predicted and actual values of\g were also compared using linear regression
analyses. Results of the statistical analyses for the non-ridged areas are shown
in Table 10. A coe ll1cient of determination value 川、 0 . 7 5 5 was found for eqn.

(1 3).
The hypotheses that the regression coemcient shown in Table 10 for non

ridged areas equals I and the inten二ept equal~斗 。were evaluated using the
students ( tes t. The 且slop币咒ew ，川IS f，、tοHI川l川川nd to be nοI 吕叮19n川1ηific ，孔川l川n叫叫tly di川If，、er口re引C口nt f、

the i川nter飞Tep￥讥t s叮亏刊Ign川1扎ific，让l川ntly dilTerent I、

a川In ，泣叶i川Iy严s♀记记C。创f丛; of the experimental data suggest that eqn. (13) can be used to
estimate the regression coe tIicient g.

LIMIT八TIONS OF THE SEDIMENT DELIVERY EQU八TIONS

Although the equations developed here appear to provide reasonable
estimates of rill and interrill sediment delivery马in field situations there may be
other factor吕that limit their application. For example句the experimental data
used to parameterize the sediment delivery equations were obtained from sites
where crop residues , vegetative materials and rock fragments were absen t.
Crop residue cover on rill and interrill areas could serve to protect these areas
from soil detachmen t. If soils contain rock fragments、rill erosion may

Gilley, Kincaid, Elliot & Laflen in Journal of Hydrology 140 (1992)
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decrease as channel armoring develops. Sediment delivery rates obtained
using equations presented in this study may be substantially larger than values
existing when crop residue or rock fragments are present

Temporal variations in sediment delivery rates may also occu r. These
differences have been attributed to changes in soil cohe且 Ion 吨rainfall-induced

soil consolidation and development of root f~lbric. Sediment delivery measure
ments used in this study were obtained immediately following tillage. At
present、procedures for estimating temporal efTects on sediment delivery have
not been identified.

Flow rate and slope gradient are independent variable吕used in each of the
且ed imen t delivery equations. The range of measured flow rates on rill and
interrill areas is shown in Table J , while average rill and interrill slopes arc
presented in Table I. The regression relationships which were derived in this
study should only be used for flow rates and slope gradients within the range
existing in the field experiments.

The data used to develop regression coemcients for estimating rill sediment
delivery rates were obtained on relatively uniform slopes. These regression
relationships may not provide reliable sediment delivery estimates at the

Gilley, Kincaid, Elliot & Laflen in Journal of Hydrology 140 (1992)
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bottom of steeply sloping concave slopes where substantial deposition is
occurring. Additional testing of the sediment delivery equations on areas with
complex topography is needed.

The relatively large rill sediment delivery rates found for the without
rainfall condition indicate substantial soil detachment by rill flow. Sediment
delivery mechanisms would be radically different for a reach of rill where no
erosion or deposition were occurrin冬but a substantial amount of、sediment

was supplied from lateral interrill flow. The regression equations derived in
this investigation should only be applied to situations where the sediment
delivery mechanisms are the same as those existing in the field experimental
studies

SUMM八RY AND (、ONC L lJ S I O N S

Empirical equations are orten employed to represent complex erosion
mechanisms. Flow rate and slope gradient have frequently been used as
independent variables in relations employed to estimate sediment delivery for
nver~丸streams and irrigation furrows. In this study吨equatIon日which relate rill
and interrill sediment delivery to a power function of flow rate and slope
gradient were evaluated.

The sediment delivery equations wen二tested using data collected on soil吕

located throughout the United States. The experimental sites were selected to
cover a broad range of soil properties. Both rill and interrill sediment delivery
estima tes were provided by the eq ua tions

A soil-related parameter value is used as a coeflicient in the sediment
delivery equations. The parameter values were related to soil properties at the
experimental sites using multiple regression analyses. Close agreement was
found between predicted and actual regression coemcients

Most rainfall simulators arc diflicult to fabricate and expensive to operate.
As a result吨sediment delivery data collected under rainfall conditions arc
limited. Regression equations were , therefore吨identified for correcting rill
sediment delivery measurements obtained without rainfall , to values expected
under rainfall conditions.

Since the rill and interrill sediment delivery equations contain only flow rate
and slope gradient as independent variables、they arc relatively easy to use.
The single parameter value found in the equations can be related to site-specif二

ie soil properties. Additional f~lctors would need to be incorporated into the
equations to obtain sediment delivery estimates from sites where crop
residues , vegetative materials and rock fragments are presen t.

Gilley, Kincaid, Elliot & Laflen in Journal of Hydrology 140 (1992)
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