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Available soil moisture and low 
soil salinity are difficult to main- 
tain in clay soils of arid regions 
due to the clay’s low permeability. 
However, a simple procedure has 
been developed for estimating the 
duration of flood irrigation needed 
to saturate the cracked profile in 
these soils, while improving water 
conservation through limiting ex- 
cess runoff. Using a worksheet, 
the irrigator makes a few mea- 
surements, then calculates how 
long to irrigate each border. 

Cracking clay soils are common to 
many arld regions of the world, in- 
cluding some of the western states. In 
California these soils are found on the 
west side of the San Joaquin Valley, 
and also ih the Imperial Valley, where 
silty clays comprises over 40% of the 
irrigated soils. Profitable crop cultiva- 
tion on these heavy saline soils de- 
pends on controlling soil moisture 
conditions to maintain adequate infil- 
tration and salt leaching of the root 
zone. Cracks may serve as conduits 
into these soils for adequate amounts 
of water to wet and leach the soil pro- 
file. This study focused on water con- 
servation and irrigation management. 

Our goal was to develop a simple 
procedure for use in the field that 
would tell the irrigator when to cut off 
border-check irrigation of cracking 
clay soils so that infiltration is maxi- 
mized and runoff (tailwater) is mini- 
mized. The procedure we worked out 
has been used successfully in a field in 
the Imperial Valley. The irrigator takes 
a few simple measurements and does 
a brief set of calculations on a 
worksheet, all in the field. 

Border-irrigation modeling 

The procedure is based on the vol- 
ume balance model for surface irriga- 
tion and the observation that cracking 
clay soils tend to allow infiltration of a 
constant volume of water per unit 
length of border, depending on crack 
volume. In fact, the crack volume of 
the field can be estimated from the 
proposed procedure. This volume in- 
creases as the soil profile dries. 

As water advances along a border 
check, some moves along the surface 
and the rest infiltrates the soil. In 
cracking clay, after initial wetting 
there is often negligible infiltration 
into the clay component of the soil be- 
cause of its very low permeability; in- 
stead, the advancing water primarily 
fills the soil cracks. 

The volume balance model is a 
simple expression equating the sum of 
the surface water (SW) and the infil- 
trated water ( I W )  volumes to the total 
applied water (TAW volume. Assum- 
ing a constant volume of infiltration 
per unit length of border and a con- 
stant onflow rate, the volume balance 
may be written 

TAW=SW+IW or 
Qf = Lxwd + L,WZ 

where Q is the average onflow rate 
(cfs) up to time t (sec), Lx is the ad- 
vance distance of the surface-wetting 
front (ft) at time f, w is the border 
width (ft), d is the surface flow depth 
(ft) and z is the infiltrated water depth 
(ft). Figure 1 schematically illustrates 
in a cross-sectional view the different 
terms of the volume balance equation. 
In the model we assume that the 
cracks provide the only infiltration ca- 
pacity; that is, there is a constant vol- 
ume of cracks to fill every foot dis- 
tance down the border. We cannot 
generally make such an assumption 
for noncracking soils. All of the equa- 
tion parameters are easily measured, 
except ford and z .  The infiltration 
depth, z,  is rarely measured directly; 
instead, it is determined from the vol- 
ume balance equation after the other 
parameters have been measured. 

concept, is often multiplied by a 
“shape factor” to account for varia- 
tions in soil surface microtopography 
and the shape of the water surface 
profile. Although the shape factor can 
be ignored when Lx is large relative to 
d,  variable microtopography still 
makes accurate measurement of flow 
depth difficult in the field. For ex- 

The flow depth, d, though simple in 

Fig. 1. Volume balance model parameters for constant infiltration depth. 
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ample, we directly measured flow 
depth with two different sets of 10 
depth-gauges during three irrigation 
events and found the effort labor in- 
tensive and highly variable (the stan- 
dard deviation in the measurements 
was 60 to 77% of the average or mean 
value). The direct measurements also 
resulted in poor prediction of irriga- 
tion cutoff times. 

ments, we estimated average flow 
depth from a variation of Manning's 
equation for shallow flow in wide 
open channels. Manning's equation is 
a widely used, semiempirical equation 
developed by hydraulic engineers in 
the last century; it relates flow depth, 
channel slope, surface roughness and 
flow rate. For a wide channel with 
shallow flow depth relative to the 
width of the channel, Manning's equa- 
tion may be written as 

As an alternahve to direct measure- 

51 
Q = y w d  d = [  1.486 w 6 

where n is the surface roughness, s is 
the surface slope (ft/ft) and the other 
parameters are as previously defined. 
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Fig. 2. Flow through pipe turnouts and si- 
phons used in border irrigation. 

In practice, the surface slope of the 
field is commonly known (having 
been measured when the field was ini- 
tially graded); however, the value of 
the surface roughness coefficient, n, 
must be estimated independently. Val- 
ues of n will vary with cultivation 
practice, the particular crop and the 
stage of crop growth. We found that 
the value of n increases from approxi- 
mately 0.011 for the first irrigation of a 
newly cultivated and seeded field to 
approximately 0.015 for the next irri- 
gation at plant emergence, to roughly 

0.027 for forage crops (cereal grains, 
Sudan grass) nearing maturity. 

Estimating cutoff times 
The worksheet outlining the calcu- 

lations necessary to determine the irri- 
gation cutoff time is shown in table 1. 
The information required to complete 
the worksheet includes the field char- 
acteristics (such as border width) and 
measurements taken during the irriga- 
tion (such as onflow rate). For many 
fields, most of the field data (Q, w, s 
and L )  change little during the irriga- 
tion season, so that relatively little 
time or effort is needed to update the 
worksheet as the season progresses. 

Border-irrigated fields are often 
or 1/z mile long and have a very 
gradual slope, minimal cross-slope 
and variably spaced border checks. 
Our study was of 1/4-mile border 
lengths, though the concepts also ap- 
ply to borders of longer lengths. The 
recommended field slopes for border- 
irrigated fields are less than 0.01 ft/ft 
(l%), with a minimum of approxi- 
mately 0.001 ft/ft (0.1%). The cross- 

slope should be 
less than 0.1% to 
minimize uneven 
spreading of wa- 
ter between bor- 
der checks. Border 
width depends on 
the cultural prac- 
tices for the crop, 
the available 
onflow rate and 
the slope of the 
field. Border- 
check spacings of 
roughly 30 ft for 
field slopes on the 
order of a few 
tenths of a percent 
and 60 ft for rela- 
tively flat slopes 
are common. In 
the Tulare Basin, 
border widths are 
often several hun- 
dred feet because 
of the flat topog- 
raphy and the ca- 
pacity to deliver 
large flow rates to 
the field. Some- 
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times, the first 30 to 40 ft at the head 
end of the field is graded flat to facili- 
tate spreading of applied water across 
the full width of the border before it 
begins moving down the border. Thus, 
for a typical small field in the San 
Joaquin or Imperial valleys, values of 
L = 1,300 ft, w = 50 ft, and s = 0.002 ft/ 
f t  may be appropriate. 

model, the irrigator must know the di- 
mensions and slope of the borders be- 
fore irrigating and then measure the 
onflow rate and the time required for 
the surface wetting front to reach ap- 
proximately 1/4  the length of the bor- 
der (e.g., 330 ft for a 1,300-ft border) 
during the irrigation. The border di- 
mensions and slope are measured dur- 
ing field preparation, and the surface 
roughness is estimated from the 
ranges given in the worksheet. The 
onflow rate can be measured directly 
in the delivery pipe with a flow meter 
if alfalfa valves are used, or by mea- 
suring the pressure head drop across 
an irrigation turnout (spile) in con- 
junction with a calibration table or 

To apply the volume.balance 
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Fig. 3. Graphical calculation of flow/width ra- 
tio. 

In the field, an irrigator can take a few measurements then calculate when to cut off border- 
check irrigation of cracking clay soils to maximize infiltration and minimize runoff. 

graph (fig. 2) if turnouts or large si- 
phons are used. The pressure head 
drop is equivalent to the difference in 
water surface elevations between the 
head ditch and the field; it can be mea- 
sured with a transit, a hand level or a 
manometer tube across the turnout to- 
gether with a yardstick. Once the pres- 
sure head drop is known, the onflow 
rate can be estimated from figure 2 by 
entering the graph through the value 
of the pressure head drop on the verti- 
cal axis moving horizontally across to 
the curve corresponding to the turnout 
size and vertically down from the 
point of intersection on the curve to 
the horizontal axis displaying the flow 
rate. For example, a pressure head drop 
of 5 inches across a 10-inch-diameter 

turnout yields an onflow rate of 1.70 
cfs per turnout or siphon. 

After irrigation begins, the irrigator 
should note the time required for the 
average position of the surface wetting 
front to reach markers placed in the 
border checks approximately l/4 the 
length of the border, then calculate the 
cutoff time using the worksheet. Most 
of the calculations require simple mul- 
tiplication, division, addition or sub- 
traction; the exception is flow depth. 

To simplify determination of flow 
depth, we prepared a graphical calcu- 
lation of flow depth (figs. 3 and 4). 
With knowledge of Q (onflow rate) 
and w (border width), the flow/width 
ratio, Q/w, can be determined from fig- 
ure 3 (or it can be calculated directly 
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Fig. 4. Graphical calculation of flow depth. 
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Results from field studies 
We applied this procedure for cal- 

culating cutoff times to the border- 
irrigated clay field in the Imperial Val- 
ley considered in previous California 
Agriculture reports (November-De- 
cember 1990, September-October 
1992). The field is */4 mile long and has 
60-ft-wide borders on a small slope of 
roughly 0.1 %; each border check is ir- 
rigated from a 12-inch-diameter turn- 
out at the head ditch. The turnouts for 
this field had been calibrated earlier 
by Tod et al. (ASCE Journal of Irriga- 
tion & Drainage Engineering 117(4): 
596-599,19911, and the measured cali- 
bration curve was similar to that 
given in figure 2. Individual borders 
were planted with alfalfa, barley and 
Sudan grass. 

Table 2 summarizes results from 
four different irrigations for which we 
calculated cutoff times. For the April 
irrigation, we measured the flow 
depth using the depth-guages de- 
scribed earlier; for the remaining three 
irrigations, we estimated flow depth 
from Manning's equation. For the 
April irrigation, we underestimated 
the cutoff time, and the border was in- 
completely irrigated; in the remaining 
irrigations, the border was completely 
irrigated with little or no measurable 
tailwater runoff. We had errors of 3 to 
7% in the infiltrated depths, which are 
consistent with the errors associated 
with the roughness coefficient, n, and 
the various measurement errors en- 
countered with field measurements of 
flow rate, slope and advance time. 
From these and similar observations, 
we are developing rule-of-thumb esti- 
mates of irrigation times for this clay 
field. We are also using this procedure 
to estimate crack volumes in the field 
so as to devise better irrigation- 
drainage management strategies for 
clay soils. 

The crack volume of a field can be estimated from the volume balance model. 

for flow rates and border widths 
greater than those given in the figure, 
such as those in the Tulare Basin). For 
example, an onflow rate of 1.5 cfs on a 
border 60 ft wide has a flow/width ra- 
tio of 1.5/60 = 0.025. With knowledge 
of the flow/width ratio, the slope of 
the field and an estimate of the surface 
roughness, the flow depth can be esti- 
mated using the appropriate graph in 
figure 4. Continuing with the example 
above, for a flow/width ratio of 0.025, 
a field slope of 0.008 ft/ft and a sur- 
face roughness of n = 0.015, the flow 
depth is 0.03 ft (from fig. 4b). This re- 
sult can now be substituted into the 
wcrksheet and the remaining calcula- 
tions completed. If the irrigator mea- 
sured an advance time of 250 min for 
the wetting front to reach 350 ft down 
a field 1,300 ft long, then from the 
worksheet in table 1, 

T A W  = (1.5 cfs) (250 min) (60 sec/ 

S W = (350 ft) (60 ft) (0.03 ft) = 630 ft3 
mm) = 22,500 ft3 

IW = 22,500 - 630 = 21,870 ft3 
z = 21,870 ft3/(350 ft) (60 ft) = 1.04 ft 
and the cutoff time for this field is 

or 15 hours of total irrigation time. 
If the onflow rate, field dimensions 

and slope are unchanged from one ir- 
rigation to the next, then the time re- 
quired for the surface wetting front to 
reach the markers will increase some- 
what as the crop matures and the sur- 
face roughness increases and the soil 
becomes progressively drier resulting 
in greater crack volume (though this 
time required for the advance will 
vary with the irrigation schedule 
adopted). After several irrigations, the 
worksheet may not be needed, be- 
cause the irrigator will have become 
familiar with the time required to 
leave the turnouts open in order to ir- 
rigate the particular field satisfactorily. 
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