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Journal of Irrigation and Drainage Engineeringg. 120:3 (May/June 1994), pp. 591-606

HyDpRAULIC CONDITIONS REQUIRED TO MOVE
UNANCHORED RESIDUE MATERIALS

By J. E. Gilley,! E. R. Kottwitz,? and G. A. Wieman®

ABsTRACT: Hydraulic conditions required to initiate movement of unanchored
residue materials are identified in the present study. Selected amounts of corn,
cotton, pine needles, sorghum, soybean, sunflower, and wheat residue are placed
in a flume on a sand surface, and flow is then introduced at the top of the flume
in progressive increments. The discharge rate and flow velocity necessary to cause
residue movement are determined. The ratio of critical flow depth to residue di-
ameter, critical Reynolds number, critical shear stress, dimensionless shear stress,
and boundary Reynolds number are calculated from hydraulic measurements.
Regression equations are developed to relate dimensionless shear stress to boundary
Reynolds number and residue diameter. Boundary Reynolds number, in turn, is
related to residue diameter and cover. Close agreement is found between predicted
and actual parameter values obtained from the regression relations. The regression
equations can be used to estimate the beginning of motion for other residue ma-
terials if residue diameter and cover are known.

INTRODUCTION

Soil erosion is a significant problem on some furrow-irrigated areas. Ir-
rigation-induced erosion can result in loss of soil productivity and decreased
profits for farmers who irrigate. Water quality may also be adversely affected
by soil erosion resulting from irrigation (Deason 1989).

The presence of crop residue on the soil surface has been found to sub-
stantially reduce soil loss from furrows (Aarstad and Miller 1978, 1981;
Brown 1985; Brown and Kemper 1987; Miller and Aarstad 1983; Miller
et al. 1987). Conservation tillage systems are designed to maintain residue
from the previous crop within the furrow. Equipment is also available for
adding straw to irrigation furrows to reduce erosion.

Crop residues can serve to prevent rill development within furrows. How-
ever, if critical shear stress of the residue material is exceeded and crop
residue is removed by irrigation flow, rill formation may begin. Once rills
have become established within furrows, soil loss usually increases substan-
tially.

Critical slope lengths for unanchored cornstalk and wheat-straw residue
were identified in a rainfall-simulation study conducted by Foster et al.
(1982a). Foster et al. (1982b) also analyzed the hydraulics of mulch failure.
Equations were derived that gave critical discharge rate and critical slope
length at which the mulch began to move.

The effects of surface roughness on the beginning of motion for selected
unanchored residue materials were determined by Gilley and Kottwitz (1992).
Regression equations were identified that related dimensionless shear stress
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to boundary Reynolds number on both smooth and sand surfaces. Data
used to derive the regression equations were obtained on surfaces with
relatively small amounts of crop residue.

The objective of the present study was to identify the hydraulic conditions
required to move varying quantities of unanchored residue materials. In the
experimental portion of this investigation, several types and rates of crop
residue were examined. The residue materials were placed in a flume on a
sand surface, and the discharge rate and flow velocity required to initiate
residue movement were identified. The experimental data were then used
to develop equations for estimating the beginning of motion for other residue
materials.

HYDRAULIC EQUATIONS
The continuity equation for steady flow is defined as
Q=VA M

where Q = flow rate; V = mean flow velocity; and A = cross-sectional
flow area. For a rectangular flume, flow depth y is given as

y=% )

where b = flow width. In the present study, flow depth was determined
indirectly using (2) and measurements of Q, V, and b.

Reynolds number R, which is used to describe the ratio of inertial forces
to viscous forces, can be expressed as

VR
R== 3)
where v = kinematic viscosity; and R = hydraulic radius. Kinematic vis-
cosity can be determined directly from water temperature. The Reynolds
number value that causes unanchored residue materials to begin to move
is defined as the critical Reynolds number.
Hydraulic radius R is given as

A
R=7 4

where P = wetted perimeter. For a rectangular flume of width b
- _ by
R_b+@ )

For overland flow conditions where flow width is much greater than flow
depth, hydraulic radius can be assumed to be approximately equal to flow
depth. For broad sheet flow

=1 ©)

14

R
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where flow rate per unit width ¢ is given as
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Water flowing over a surface exerts a force on the surface that acts in
the direction of flow. This force per unit wetted area is called shear stress
T and is expressed as

T = YRS 8)

where vy = specific weight of water; and § = average slope. In the present
study, critical shear stress 7, is defined as the force per unit wetted area
required to initiate movement of unanchored residue material.

Shear velocity V* is given as

Ve = (gRS) ©)

where g = gravitational acceleration. Shear velocity at the threshold con-
dition for residue movement is defined as critical shear velocity V*.

The beginning of motion for unanchored residue materials can be iden-
tified using dimensionless shear stress F*, which is defined as

= (y = v)D (10)

where vy, = specific weight of residue material; and D = residue diameter.
The beginning of motion for unanchored residue materials is also a function
of boundary Reynolds number R*, which is expressed as
_ViD

v

R*

(11)

Boundary Reynolds number is a dimensionless parameter.

To determine the dimensionless shear stress and the boundary Reynolds
number, the hydraulic radius must first be identified. If roughness-coeffi-
cient values are known, hydraulic radius can be calculated using the Chezy,
Darcy-Weisbach, or Manning equations. The effects of random roughness
of the soil surface on hydraulic roughness coefficients were examined by
Gilley and Finkner (1991). Hydraulic roughness coefficients for selected
residue materials were reported by Gilley et al. (1991). Equations for es-
timating roughness coefficients for rills, and gravel and cobble surfaces were
identified by Gilley et al. (1990, 1992). For most conditions, raindrop impact
has been found to have a minimal effect on hydraulic resistance (Shen and
Li 1973).

EXPERIMENTAL PROCEDURES

Corn, cotton, pine needles, sorghum, soybean, sunflower, and wheat
residue were used in the present investigation. Needles produced by pon-
derosa pine were included to allow evaluation of conditions existing for
materials with very small diameters. For each type of residue, 10 randomly
selected residue elements were used for characterizing residue dimensions.
Mean residue diameter and length, and the standard deviation among mea-
surements are shown in Table 1.

The type or manufacturer of harvesting equipment would be expected to
influence residue length. Residue materials are typically subjected to weath-
ering and decomposition following harvest. With the exception of cotton,
the vegetative materials used in the present study had all undergone weath-
ering over the winter. Cotton residue was obtained soon after harvest. No
attempt was made to segregate or trim individual residue elements.
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TABLE 1. Diameter, Length, and Density of Selected Residue Materials

Diameter® Length? Density

Residue type (cm) (cm) (kg/m3)
(1) &) {3) (4)
Corn 2.38 (0.62) 40.3 (9.92) 168
Cotton 0.77 (0.18) 21.7 (5.22) 495
Pine needles 0.11 (0.02) 9.27 (1.64) 437
Sorghum 1.81 (0.17) 48.4 (4.77) 161
Soybeans 0.60 (0.11) 33.5 (11.10) 258
Sunflower 2.47 (0.40) 45.0 (3.12) 9
Wheat 0.29 (0.13) 152 (4.71) 148

2Standard deviation of measurements is shown in parentheses.

Density of the residue materials is also presented in Table 1. To determine
density, the residue material was first placed in an oven and dried. The
residue material was then removed from the oven, and its mass was mea-
sured. To prevent absorption during the experiment, the residue material
was then submerged in water. The volume of residue was identified by
placing it in a container of known volume and measuring the quantity of
water required to fill the container. Residue mass and volume were then
used to calculate density.

The surface covers and residue rates at which the materials were applied
are shown in Table 2. The unanchored residue materials were placed ran-
domly on a surface containing sand particles that varied in diameter from
1 mm to 2 mm. For each of the residue materials except cotton, five residue
rates were selected. The amount of cotton residue available for testing was
limited and, therefore, only three cotton-residue treatments were used. It
should be noted that residue materials with relatively small diameters such
as pine needles and wheat provide greater surface cover at a given residue
rate.

Surface cover may vary substantially between upland sites. Significant
differences in residue cover may occur during the year at a particular lo-
cation. The broad range of surface-cover values used in the present inves-
tigation represent the spatial and seasonal variability characteristic of upland
cropping conditions.

A photographic grid procedure (Laflen et al. 1978) was used before each
test to measure the percentage of surface cover provided at a given residue
rate. Residue cover was photographed using 35-mm color slide film. The
slides were projected onto a screen on which a grid had been superimposed.
The number of grid intersections over residue material were determined
visually from the projected slides and surface cover was then calculated.

Tests were conducted using a 0.91-m-wide, 7.31-m-long and 0.279-m-deep
flume. A constant head tank was used to supply water to the flume. The
slope of the flume was maintained at 1.35%. Critical shear-stress values for
other slopes can be estimated since (8) uses slope as an independent variable.

Ciritical flow rate was determined visually. Flow was introduced in pro-
gressive increments until approximately 50% of the unanchored residue
material was dislodged. Three replicated tests were run for each residue
material to determine critical flow rate. After completion of each replicated
test, the unanchored residue material was repositioned. Water temperature
was maintained at approximately 21°C throughout the study.
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TABLE 2. Physical Characteristics of Selected Residue Materials

Surface | Residue | Residue | Ratio of residue | Ratio of critical
cover rate spacing spacing to flow depth to
Residue type (%) (ha) (cm) residue diameter | residue diameter
(1) @ (3) 4 (5) (6)
Corn 5 0.68 47.6 20.0 0.37
Corn 13 2.30 18.3 7.7 0.44
Corn 29 4.47 8.2 34 0.56
Corn 61 7.77 3.9 1.6 0.62
Corn 84 14.86 2.8 1.2 0.60
Cotton 5 1.56 15.4 20.0 1.21
Cotton 28 5.28 2.8 3.6 1.56
Cotton 53 10.25 1.5 1.9 2.02
Pine needles 12 0.28 0.9 8.3 3.21
Pine needles 30 0.96 0.4 3.3 7.19
Pine needles 46 1.87 0.2 2.2 10.92
Pine needles 74 3.25 0.1 1.4 14.55
Pine needles 93 6.22 0.1 1.1 21.74
Sorghum 7 0.57 25.0 14.3 0.36
Sorghum 19 1.94 9.5 53 0.52
Sorghum 32 3.77 5.7 3.1 0.52
Sorghum 54 6.54 34 1.9 0.59
Sorghum 81 12.51 2.2 1.2 0.57
Soybeans 7 0.44 8.6 14.3 1.51
Soybeans 27 1.47 2.2 3.7 2.25
Soybeans 41 2.85 1.5 2.4 3.29
Soybeans 68 4.95 0.9 1.5 4.45
Soybeans 85 9.48 0.7 1.2 6.73
Sunflower 8 1.03 30.9 12.5 0.37
Sunflower 24 3.50 10.3 4.2 0.51
Sunflower 51 6.80 4.8 2.0 0.52
Sunflower 73 11.80 3.4 1.4 0.57
Sunflower 98 22.57 2.5 1.0 0.64
Wheat 8 0.10 3.6 12.5 1.40
Wheat 26 0.32 1.1 3.8 2.20
Wheat 44 0.63 0.7 2.3 4.03
Wheat 64 1.09 0.5 1.6 5.32
Wheat 91 2.09 0.3 1.1 7.49

Once critical flow rate was identified, line sources of fluorescent dye were
injected across the flume at downslope distances of 0.91 m and 4.57 m.
Travel time of the dye-concentration peaks was determined using a fluo-
rometer. Mean flow velocity was identified by dividing the distance between
the two line sources of dye (3.66 m) by the difference in travel time between
the two dye-concentration peaks. Three measurements of flow velocity were

made for each critical flow rate.

FLOW MECHANICS

When developing theoretical flow concepts, Chow (1959) identified three
basic types of flow over rough surfaces. Isolated-roughness flow exists when
the roughness elements are so far apart that the wake and vortex at each
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element are completely developed and dissipated before the flow reaches
the next element. When the roughness elements are placed closer together,
such that the wake and vortex at each element interferes with those devel-
oped at the following element, wake-interference flow results. Finally, quasi-
smooth flow occurs when the roughness elements are so close together that
the flow essentially skims the crest of the roughness elements.

Information on residue spacing and the ratio of residue spacing to residue
diameter could provide insight into the flow processes affecting residue
movement. Since the residue materials were placed randomly, surface-cover
data can be used to identify the amount of residue present at a representative
cross section. As an example, a 25% surface cover of corn would provide
0.25 m of residue along a representative 1-m cross section. Since mean
diameter for corn residue is 2.38 cm, approximately 11 residue elements
would be present. Average spacing of roughness elements would be ap-
proximately 9.5 cm for the representative 1-m cross section. This would
represent a distance of approximately four times the roughness height.

Table 2 presents ratios of residue spacing to residue diameter. This in-
formation suggests that isolated-roughness flow is the predominant flow
condition at the lower residue rates. Wake-interference flow would be ex-
pected to occur for the intermediate residue rates. For the higher residue
rates, quasi-smooth flow would dominate.

The submerged weight of the residue material, a lift force and a drag
force may all influence the movement of unanchored residue. Both lift and
drag forces depend upon the same variables, and constants found in theo-
retical equations used to solve for these variables are usually determined
empirically. Thus, standard procedures used to identify incipient motion
usually incorporate both lift and drag forces in the analyses. The analytical
procedures used in the present investigation are similar to those of Shields
(Simons and Senturk 1976). However, residue diameter has been used in
place of characteristic particle diameter.

RESULTS AND DISCUSSION

Values are provided for the ratio of critical flow depth to residue diameter,
critical Reynolds number, critical shear stress, dimensionless shear stress
and boundary Reynolds number. Regression equations are presented for
estimating dimensionless shear stress and boundary Reynolds number for
selected unanchored residue materials. Limitations in the use of the regres-
sion equations are also outlined.

Ratio of Critical Flow Depth to Residue Diameter

For each of the residue materials, the ratio of critical flow depth to residue
diameter usually increased with greater residue rate. A critical flow depth
to residue diameter ratio less than one indicates that the diameter of the
residue material is greater than critical flow depth. Table 2 shows that critical
flow depth was less than the average diameter of corn, sorghum, and sun-
flower residue. For the larger diameter residue materials, residue movement
occurred before individual residue elements became submerged. The den-
sities of corn, sorghum, and sunflower residue (Table 1) were relatively
small. Thus, a lift or buoyancy force would be expected to significantly
influence incipient motion for these residue materials.

Critical flow depth was greater than the diameter of cotton, pine needles,
soybean, and wheat residue (Table 2). Thus, residue movement occurred
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only after the smaller diameter residue materials had become submerged.
For these residue materials, drag forces would have contributed to incipient
motion.

Critical flow velocity and critical flow rate per unit width for unanchored
corn and wheat residue were identified by Foster et al. (1982a). These two
variables can be used to estimate critical flow depths if broad sheet flow is
assumed. The ratios of critical flow depth to residue diameter indicate that
the heights of the corn-residue elements were greater than critical flow
depth. In contrast, the wheat-residue elements were first submerged before
residue movement occurred. Similar results were found in the present in-
vestigation.

Critical Reynolds Number

Flow rates required to initiate residue movement can be estimated using
critical Reynolds number values shown in Table 3. For the larger diameter
residue materials (corn, sorghum, and sunflower residue), critical Reynolds
number values generally decreased as the amount of residue become larger.
As residue cover increases, greater hydraulic roughness coefficients and
water depths result. A lift or buoyancy force is an important factor that
influences incipient motion for larger diameter residue materials. Thus, as
buoyancy forces increase with residue cover, smaller flow rates are required
to initiate residue movement.

In contrast, drag forces are primarily responsible for moving the smaller
diameter residue materials (cotton, pine needles, soybeans, and wheat). As
surface cover is increased, the distance between individual residue elements
is reduced, and wake-interference or quasi-smooth flow may occur (Chow
1959). Thus, greater drag forces and flow rates are necessary to initiate
residue movement.

Critical Reynolds number values were determined using data from Foster
etal. (1982a). For a given corn-residue rate, substantial differences in critical
Reynolds number values were found between experimental sites. The corn-
residue rates used by Foster et al. were within the range used in the present
study. A mean critical Reynolds number value of 1,500 was found for the
three sites examined by Foster et al. This number is similar to the mean
value of 1,330 found for corn residue in the present investigation (Table 3).

Two of the three wheat residue rates used by Foster et al. (1982a) were
comparable to those used in the present study. Data collected by Foster
et al. were used to calculate critical Reynolds number values of 999 and
2,290 for wheat residue at application rates of 1.1 and 2.2 t/ha, respectively.
In the present investigation, critical Reynolds number values of 889 and
1,160 were found for similar residue rates.

Critical Shear Stress

Forces of static friction act between surfaces at rest with respect to each
other. The smallest force necessary to initiate motion is the same as the
maximum force of static friction. In the present study, critical shear stress
has been defined as the force per unit area required to initiate movement
of unanchored residue material.

Critical shear-stress values (Table 3) can be seen in general to increase
with surface cover. As residue materials overlap at higher residue rates,
increased stability can result. In addition, less flow turbulence can occur for
closely spaced residue materials.

Critical shear-stress values are reported in Table 4 for locations examined
by Foster et al. (1982a). On the sites where Foster et al. used corn residue,

597



TABLE 3. Hydraulic Characteristics of Selected Residue Materials

Surface Critical | Critical shear| Dimensionless | Boundary

cover Reynolds stress shear stress | Reynolds

Residue type (%) number (Pa) (x 10%) number

(1) () 3 4) (5) {6)

Corn 5 1,970 1.17 0.615 795
Corn 13 1,660 1.38 0.726 868
Corn 29 1,220 1.77 0.931 986
Corn 61 948 1.97 1.04 1,040
Corn 84 862 1.88 0.99 1,010
Cotton 5 1,250 1.24 3.23 256
Cotton 28 876 1.59 4.15 290
Cotton 53 1,120 2.06 5.38 330
Pine needles 12 477 0.470 7.88 23
Pine needles 30 760 1.07 17.9 35
Pine needles 46 1,000 1.61 27.1 43
Pine needles 74 1,050 2.11 35.5 49
Pine needles 93 1,430 3.16 53.0 60
Sorghum 7 883 0.860 0.579 525
Sorghum 19 555 1.24 0.832 629
Sorghum 32 456 1.26 0.848 634
Sorghum 54 316 1.43 0.961 676
Sorghum 81 351 1.37 0.923 665
Soybeans 7 1,130 1.20 2.74 205
Soybeans 27 1,190 1.78 4.06 252
Soybeans 41 1,680 2.61 5.95 306
Soybeans 68 2,110 3.53 8.06 357
Soybeans 85 3,270 5.34 12.2 439
Sunflower 8 1,300 1.21 0.556 856
Sunflower 24 770 1.65 0.760 1,010
Sunflower 51 665 1.70 0.784 1,020
Sunflower 73 729 1.87 0.862 1,080
Sunflower 98 1,030 2.07 0.955 1,130
Wheat 8 244 0.535 2.24 66
Wheat 26 380 0.845 3.54 83
Wheat 44 736 1.55 6.47 112
Wheat 64 889 2.04 8.53 128
Wheat 91 1,160 2.87 12.0 152

substantial differences in critical shear stress were found for similar rates of
residue. This fact would seem to-imply that experimental conditions may
have been different between study locations.

Substantial differences in critical shear-stress values for both corn and
wheat residue were found between results from the present investigation
and those from the study reported by Foster et al. (1982a), particularly at
the higher residue rates. The visually determined flow velocities reported
by Foster et al. may have been larger than true averages. Flow may have
been concentrated in row middles rather than spread in a broad sheet as
assumed when calculating critical shear stress. In addition, differences in
soil-surface roughness, residue orientation, and residue characteristics may
have existed between the two investigations.
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Dimensionless Shear Stress and Boundary Reynolds Number

Dimensionless shear stress and boundary Reynolds number values for
each of the residue materials are shown in Table 3 and in Fig. 1. It can be
seen from Table 3 that for a given residue material, dimensionless shear
stress and boundary Reynolds number usually increase with surface cover.
Dimensionless shear-stress values were greater for the smaller diameter
materials. In contrast, greater boundary Reynolds number values were iden-
tified for the larger diameter residue materials.

Diameters of the residue materials used in the present study (Table 1)
varied by two orders of magnitude. Since residue diameter is used explicitly
in both the dimensionless shear stress and boundary Reynolds number equa-
tions, it is not surprising that values for both of these parameters varied by
three orders of magnitude (Fig. 1). Differences in dimensionless shear stress
caused by varying surface cover were much greater for the smaller diameter
residue materials.

Dimensionless shear stress and boundary Reynolds number values for
the sites examined by Foster et al. (1982a) are shown in Table 4. These two
parameters were much larger than corresponding estimates obtained in the
present investigation. Again, differences in flow characteristics, soil-surface
roughness, residue orientation, or residue characteristics may have been
present between the two studies.

Estimating Dimensionless Shear Stress

Fig. 1 shows that for a particular residue material, dimensionless shear
stress and boundary Reynolds number may vary over a relatively large range,
depending on the amount of surface cover. However, for each residue
material, a single dimensionless shear-stress value can be found for each
boundary Reynolds number. The following equations were derived to pre-
dict dimensionless shear stress:

F* = a(R*)? (12)
ir
05 Pine Need! 4
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FIG. 1. Dimensionless Shear Stress versus Boundary Reynolds Number
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where

1.25 x 10—+
= 20482 + D3 (13)
and residue diameter D is in mm. Since a > 0, D must be greater than 0.8
mm. This relation can be used to predict parameter values for a wide variety
of residue materials since D is included explicitly in (13).

Values of the regression coefficient a for residue materials with varying
diameters are shown in Fig. 2. For the residue materials used in the present
study, the regression coefficient a varied by six orders of magnitude. Fig.
2 shows that actual values of the regression coefficient ¢ and estimates
obtained using (13) generally agreed closely.

Dimensionless shear stress was calculated for each of the residue materials
using (12) and (13). Results of the analyses are shown in Fig. 3. Predicted
and actual values of dimensionless shear stress presented in Fig. 3 were
similar.

Predicted and actual values of dimensionless shear stress were also com-
pared using linear-regression analyses. Results of the statistical analyses are
shown in Table 5. A coefficient of determination value of 0.962 was found
for (12).

The hypotheses that the regression coefficient shown in Table 5 for the
dimensionless shear-stress equation equals 1 and the intercept equals 0 were
evaluated at the 95% confidence level using the Student’s t-test. The slope
was not significantly different from 1 nor the intercept significantly different
from 0. Thus, analyses of the experimental data suggest that (12) and (13)
can be used to estimate dimensionless shear stress.

Estimating Boundary Reynolds Number
To use (12), the boundary Reynolds number must be known. The fol-
lowing equation was obtained to estimate the boundary Reynolds number

30

Regresssion Equation
20
®  Actual Value of Regression Coefficient a

Residue Diameter (mm)

Lot syl Lot sl PR s el g0l Ll

1
1E-09 1E-08 1E-07 1E-06 1E-05 1E-04 1E-03
Regression Coefficient a

FIG. 2. Residue Diameter versus Regression Coefficient «
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TABLE 5. Predicted versus Actual Values of F* and R* Obtained Using Regres-
sion Equations

B4 Bo
Coefficient of Student’s | Standard | Student’s | Standard
Regression equation | determination| F t error t error
1) 2 (3) (4) (5) (6) )
F* (predicted = 0.961 0.962 777 1.15 0.034 0.590 0.005

actual + 0.003)
R* (predicted = 0.977 0.977 1,310 0.858 0.027 0.680 16.6
actual + 11.3)

R* = 11.26 + 33.56(D) + 0.1220(D X cover) (14)

where D is in mm, and cover is given as a percentage. Since residue diameter
and surface cover are included explicitly in this relationship, it can be used
to estimate the boundary Reynolds number for residue materials not in-
cluded in the present study.

Eq. (14) was used to calculate boundary Reynolds number values for
each of the residue materials. Results of the analyses are shown in Fig. 4,
which shows that predicted and actual boundary Reynolds number values
were similar.

Linear-regression analyses were used to compare predicted and actual
boundary Reynolds number values. Results of the statistical analyses are
shov(vn ;n Table 5. A coefficient of determination value of 0.977 was found
for (14).

The Student’s t-test was used to evaluate the hypotheses that the regres-
sion coefficient shown in Table 5 for the boundary Reynolds number equa-
tion equals 1 and that the intercept equals O at the 95% confidence level.
The slope was not significantly different from 1 nor was the intercept sig-
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nificantly different from 0. Thus, analyses of the experimental data suggest
that (14) can be used to estimate the boundary Reynolds number.

Limitations of Regression Equations

In the present investigation, only unanchored residue materials were used.
A residue element may be partially buried following tillage. Other residue
elements may be wedged between plants still anchored within the soil or
between gravel and cobble materials. Movement of partially anchored res-
idue elements requires much larger shear stresses.

Straw is sometimes added to irrigation furrows to reduce erosion. If the
added residue is to be effective, it must remain in place. To minimize
movement of straw by irrigation flow, it may be necessary to incorporate
the residue material into the soil.

Crop residue within irrigation furrows frequently causes greater infiltra-
tion rates and decreased irrigation uniformity. Surge irrigation has been
shown to reduce infiltration, increase advance rate, and improve irrigation
efficiencies. Thus, surge-irrigation systems are especially well suited for use
on areas containing substantial residue cover.

Lane (1953) reported the effects of grain diameter on critical shear stress
for noncohesive materials. Shear-stress values less than those required to
initiate residue movement may be large enough to allow detachment and
transport of some sand-sized material. The detached soil may settle in small
ponds created by individual residue elements, providing increased stability
to residue materials. Under these conditions, critical shear-stress values
much larger than those reported in Table 3 would be required to cause
residue movement.

SUMMARY AND CONCLUSIONS

Significant soil loss may occur on some furrow irrigated areas. Relatively
small amounts of crop residue can substantially reduce erosion within fur-
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rows, Conservation tillage systems are designed to maintain crop residue
from previous crops on the soil surface. Straw can also be added to furrows
using specially designed farm equipment. However, if crop residues are to
be effective in reducing soil loss, they must not be removed by irrigation
flow.

In the present study, selected amounts of corn, cotton, pine needles,
sorghum, soybean, sunflower, and wheat residue were used. The residue
materials were placed in a flume on a sand surface, and flow was then
introduced in progressive increments. The discharge rate and flow velocity
required to initiate residue movement were identified.

Hydraulic measurements were used to calculate the ratio of critical flow
depth to residue diameter, critical Reynolds number, critical shear stress,
dimensionless shear stress, and boundary Reynolds number. Regression
equations were then developed to relate dimensionless shear stress to the
boundary Reynolds number, and to estimate the boundary Reynolds num-
ber from values of residue diameter and cover. Since residue diameter and
cover are included explicitly in the regression equations, they can be used
to estimate hydraulic conditions required to move other residue materials.

The accuracy of the regression equations for estimating dimensionless
shear stress and the boundary Reynolds number was evaluated. Close agree-
ment was found between predicted and actual values. Thus, the regression
equations appear to provide reliable estimates of the hydraulic conditions
required to move unanchored residue materials.

Either buoyancy or drag forces can serve to move crop residue resting
on the soil surface. Buoyancy forces appear to significantly influence incip-
ient motion for larger diameter crop residue such as corn, sorghum, or
sunflower. In contrast, smaller diameter residue materials such as cotton,
pine needles, soybean, and wheat appear to be moved primarily by drag
forces.

Both buoyancy and drag forces depend on the same hydraulic variables.
Thus, standard procedures used to identify incipient motion usually incor-
porate both buoyancy and drag forces in the analyses. In the present study,
analytical procedures are derived for estimating incipient residue movement.

Information on residue spacing and the ratio of residue spacing to residue
diameter provide insight into the flow processes affecting residue movement.
Isolated-roughness flow (Chow 1959) appears to be the predominate flow
condition at the lower residue rates. For intermediate residue rates, wake-
interference flow appears to occur. Quasi-smooth flow appears to dominate
at the higher residue rates.

Critical shear stress is defined as the force per unit area required to initiate
movement of the residue material. As residue materials overlap at higher
residue rates, increased stability appears to occur. As a result, critical shear-
stress values were found to consistently increase with surface cover for each
of the residue materials.

Analytical procedures developed by Shields (Simons and Senturk 1976)
have been used extensively to estimate the beginning of motion for non-
cohesive particles. In the present study, selected equations presented by
Shields were adapted for use with unanchored residue materials. It appears
that the analytical procedures derived by Shields can also be used to estimate
incipient motion for residue materials.
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APPENDIX Il. NOTATION

The following symbols are used in this paper:
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cross-sectional flow area;
regression coefficient;

flow width;

residue diameter;
dimensionless shear stress;
acceleration due to gravity;
wetted perimeter;

flow rate;

flow rate per unit width;
hydraulic radius;

Reynolds number;
boundary Reynolds number;
average slope;

mean flow velocity;

shear velocity;

critical shear velocity;

flow depth;

specific weight of water;
specific weight of residue material;
kinematic viscosity;

shear stress; and

critical shear stress.
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