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PREFACE
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INTRODUCTION

During August 1979, field infiltration tests were conducted at three
* land treatment sites: Apple Valley, Minnesota; sites 11 and 12, Clarence
* 1Cannon Dam, Missouri; and Deer Creek Lake, Ohio. The principal objective

of the tests was to evaluate the feasibility of a large-scale, in situ
infiltration test method for determining the infiltration rate of various
soils. The study also included an evaluation of the installation and
operation of the test equipment and instrumentation, as well as the data
collection schedule and analysis techniques.

TEST PROCEDURE
The tests were conducted using a 6.1-m (20-ft) diameter area with a

seal around the periphery to prevent surface runoff (Fig. 1). Aluminum

flashing, 35 cm wide, was installed in a 15 cm deep, precut groove,
leaving a 20-cm high wall around the test area. Tensiometers were
installed 30 cm apart in three radial rows at five or six different depths
(that is, a total of three tensiometers at each depth). Soil tension data
were obtained from periodic tensiometer readings and soil water content
data from cores obtained prior to and at various times after water ap-
plication. Cumulative intake data were obtained from periodic monitoring
of head drop, read from graduated scales on the inside of the alumin m
berm. Water was applied at a rate of approximately 0.5 to 1 cm min-.

At site 11, Clarence Cannon Dam, a 3-m (10-ft) diameter area was used,
and the tensiometers were installed in a 1-m diameter circle, one tensiometer
for each depth (Fig. 2).

Figure 1. Infiltration test layout (6.1-m diameter).



Figure 2. Infiltration test layout (3-m diameter).

One of the important parameters in the design of land treatment
systems is the infiltration rate for a saturated soil condition, which is
equivalent to the effective saturated permeability; so it was first necessary
to apply water until the soil in the test area became saturated. Infiltration
data were also obtained during these initial water applications to compare
the infiltration rate for unsaturated soil with that for saturated soil.

The test procedure is discussed in detail in U.S. Army Corps of
Engineers ETL (in press).

DISCUSSION OF RESULTS

General discussion

The infiltration rate I can be determined by three methods:
1. The incremental infiltration rates can be computed from the incremental
intake AY and time At data (Fig. 3a):

I AY
At

The computed incremental I values can then be plotted vs time on a log-log
plot (open circles in Fig. 3b) and the expression for I determined from the

best fit line:

I - At-b

2,



This procedure usually results in a considerable data scatter, unless the Y
ve t data follow a very smooth line.

2. The Y vs t data can be plotted on an arithmetic scale plot, a best fit
smooth curve drawn through the data points, and the I values determined by
measuring the slope of the tangent to the curve at any convenient or desired
t (Fig. 3c). The scaled I values are then plotted vs t on a log-log plot,
and the expression for I determined as in the previous method. This procedure
results in less data scatter (solid circles in Fig. 3b), since the I data
are values interpolated from a smooth curve.

3. The Y vs t data can be plotted on a log-log plot and, if a straight line
can be drawn through the points (Fig. 3d), the expression for Y is determined
by

Y = Ct
n

Since I IY I can be derived

I - Cntn -

This method is probably the most reliable for expressing the infiltration
rate as a function of time and is commonly used. Also, in this case the
cumulative intake Y and infiltration rate I are mathematically compatible.

V... logl.. .. "

Y _ _ __II"_I_1_0

. b. lo l-

C d. ,. lg' t -

Figure 3. Methods for computing infiltration rate.
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If Y vs t data yield a straight line on an arithmetic plot, the

infiltration rate is, of course, constant and results in a horizontal line
on a log I vs log t plot (I = Ct).

Sometimes the log Y vs log t data indicate a break in the rate and

cannot be represented by a single straight line.

Apple Valley site

The site preparation required approximately 2 hr for four people. The
berm installation was a 3 to 4 man-hour effort, the tensiometer installa-
tion required 2 man-hours, obtaining cores for soil profile description

took I man-hour, and approximately 1 man-hour was spent on miscellaneous
tasks. Obtaining soil samples to determine density profiles, which involved
digging a small pit adjacent to the test site after the test, required 1.5
hr for two people.

Figures 4-9 show various stages of the site preparation and the

infiltration test.

The soil profile characteristics at this site are described below:

0-15 cm: black, friable silt loam, fine, granular, many roots
15-30 cm: fine silt, subangular blocking, brown mottles, dark brown

to black matrix, roots common
30-45 cm: light brown silt, few roots
45-60 cm: silt, subangular blocking, very few roots

60-75 cm: sandy soil

The first application of 7.3 cm of water was not sufficient to achieve
a saturated condition (Table 1). The second application, also 7.3 cm of
water, resulted in saturation after 0.5 hr. The third (saturated) ap-
plication, 6.2 cm of water, was done at this time.

Figure 4. Perimeter groove cutting.

4



Figure 5. Berm installation.

Figure 6. Sealing berm.
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Figure 7. Water application.

Figure 8. After water application.



Figure 9. Monitoring soil tension.

The soil tension data (Table 1), are plotted in Figures 10 (first

application) and 11 (saturated, third application).

The dry density, gravimetric and volumetric data (Table 2) are plotted

in Figures 12 and 13. For clarity, the water content data for 2.5 and 4.5

hr after the third (saturated) application are not shown. The 1- and 2-

day data are mean values of the measurements obtained during the forenoon
(1 core) and again in the afternoon (1 core) of each day.

The one puzzling feature of the water content profiles is the apparent

increase in water content between 1 and 2 days after the application.

Although the increase is small (1-2%), it occurs at all depths (Fig. 12

and 13). The trend of increasing tension values (drying) for the 2-day

period after application does not indicate anything unusual (Fig. 11),

and therefore, does not support the observed soil water content increase.

Since the water content data were obtained by the same personnel using
the same technique, the effect of measurement procedures can be discounted

when trying to explain why the field data, in this case, imply what

appear to be contradictions between the expected and observed amount or
movement of water in the ioil. It is more likely that the soil profile

characteristics in a 25-m test area are not sufficiently uniform to be

accurately described by only one or two soil cores. Therefore, if one
core is taken a couple of meters from another the water content data
from the one core may not duplicate the water content data from the
other, and neither core may be representative or typical of the entire

test area. Also, if the water content data are not obtained adjacent to
each tensiometer, the water content and soil tension data may not correlate.

In other words, the sample number has to be increased to obtain more
reliable data. (For a discussion of the effect of the variability of
soil water content data on water budget calculations, refer to Abele et

al. 1979.)

7



Table 1. Soil tension (Apple Valley).

Depth (cm): 8 25 43 61 76 97

Time Tension (cm of water)

0 250 590 710 580 305 40

1st application = 7.3 cm

1 min 0 430 690 580 285 40

3 min 0 85 685 575 280 45

4 min 0 15 645 585 280 45

6 min 0 5 375 585 285 50

8 min 0 0 55 585 285 so

11 min 0 0 25 570 285 50

14 min 0 0 20 535 285 45

20 min 5 0 1s 400 285 50

25 min 10 5 10 305 285 45

30 min 10 5 10 270 285 45

40 min 10 10 10 290 285 40

50 min 15 5 10 305 275 40

60 min 15 10 10 325 255 40

1.25 hr 15 15 15 340 240 40

1.5 hr 20 15 15 350 230 35

18 hr 40 60 50 120 120 35

2nd application = 7.3 cm

0.5 hr 0 0 0 0 5 30

3rd application = 6.2 cm

0.4 hr 0 0 0 0 5 10

2.4 hr 10 20 20 20 30 20

3.4 hr 20 25 20 20 30 25

4.4 hr 20 25 20 20 30 25

1 day 40 50 35 30 30 30

2 days 60 65 50 40 35 30

Tension data re;oresent mean of 3 observations.
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Table 2. Volumetric composition of soil (Apple Valley).

Gravi-
Depth Density metric Volumetric

z w vV
(cm) g c W) s

Water Content (Gs - 2.65)

Before 1st application (1500 hrs, 13 Aug):

8 1.19 29.9 35.6 45.0 80.6
25 1.21 21.2 25.6 45.7 71.3
43 1.21 16.3 19.7 45.7 65.4
61 1.52 13.1 19.8 57.2 77.0
76 1.65 8.7 14.4 62.2 76.6

1st application = 7.3 cm (1530 hrs, 13 Aug)

Before 2nd application (0930 hrs, 14 Aug):

8 29.4 35.1 45.0 80.1
25 29.1 35.2 45.7 80.9
43 27.4 33.3 45.7 79.0
61 20.0 30.3 57.2 87.5
76 - 62.2 -

2nd application = 7.3 cm (1000 hrs, 14 Aug)
3rd application = 6.2 cm (1030 hrs, 14 Aug)

1 hr after 3rd application

8 34.9 41.6 45.0 86.6
25 32.1 38.8 45.7 84.5
43 30.4 36.8 4S.7 82.5
61 26.2 39.8 57.2 97.0
71 - 1.6 21.0 34.6 60.4 95.0
84 - 1.7 8.6 14.2 64.2 78.4

After 2.5 hrs

8 34.5 41.2 45.0 86.2
25 29.0 35.0 45.7 80.7
43 28.2 34.2 45.7 79.9
61 24.1 36.6 S7.2 93.8
76 16.9 27.9 62.2 90.1

9



Table 2. (cont'd).

Gravi-
Depth Density metric Volumetric
z 'Y w V V V +-3 (%) +( S(cm) (g cm 6 (13 %

Water Content (Gs = 2.65)

After 4.5 hrs

8 1.19 33.9 40.5 45.0 85.5
25 1.21 30.0 36.2 45.7 81.9
43 1.21 29.4 35.6 45.7 81.3
61 1.52 22.6 34.2 57.2 91.4
76 1.65 21.2 34.9 62.2 97.1

After 1 day

8 31.4 37.4 45.0 82.4
25 27.8 33.6 45.7 79.3
43 27.2 32.9 45.7 78.6
61 22.4 34.1 57.2 91.3
76 11.3 18.6 62.2 80.8

After 2 days"

8 31.6 37.7 45.0 82.7
25 29.1 35.1 45.7 80.8
43 27.8 33.7 45.7 79.4
61 24.1 36.5 57.2 93.7
76 11.9 19.6 62.2 81.S

* One and two day data represent mean of 2 samples.

10

Ii *°



400

2 600

22

' 3 9T

iO1 20 30 40 50 60 TO so 90
t. Time (rain)

Figure 10. Soil tension vs time at various depths (unsaturated)
(Apple Valley).
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The cumulative intake Y vs time t data for the first (unsaturated) and
third (saturated) applications are listed in Table 3 and plotted in Figure
14 on arithmetic scales. Figure 15 shows the same data on a log-log plot.

For the unsaturated condition, the rate of infiltration is constant (Y
vs t is a straight line on an arithmetic plot, or slope n - I on a log-log
plot).

For the saturated condition, the rate I is nearly constant; there is a
slight break in the arithmetic Y vs t plot at t -' 0.5 hr. The slope of the
best fit line on a log-log plot is 0.93.

The expressions for the cumulative inta-.e (from Fig. 15) and the com-
puted rate of infiltration are:



y. Dry Density
(gcm

53) w, Grovimetric Water Content M Vw. Volumetric Water Cotent 1)

2. -, __0___ 1 20 30 40

Befoe ___  .7 I  Before lo t
Be fore 2" 'i

20. A pplicalOi o ii

efor I Itef

AppliciAonh

A 40 Befr fe r3

BtApplication
I Day 2 .Days I Day,

Figure 12. Soil density and water content vs depth
(Apple Valley).

Volume M%)
0 40 50 60 70 ) 90 I1

0

Beforeo. 2 "

20 .,
Beforel" I
A ppe tic o n c p o i h r a fte r

(Ap0)Applicatian

so-

SO--

Figure 13. Volumetric composition of soil
(Apple Valley).

Unsaturated condition

Y - 23 t (cm) (t hr)

or Y - 9.1 t (in.)

I - 23 (cm hr- )

or I - 9.1 (in. hr - )

12



| •) letuetite

I

i4

as. m hr 4
I

* (1@1 Usbetweled
(0) Saturated

o go tO 30 40 so 6O 70 so
t. Time (min)

Figure 14. Cumulative intake vs time (Apple Valley).

IC I.i, , II I 1 "|1 I * I 'I '1

* yeast am MsIt mI

0. to 10#
J l

0.9

i; 0.10.9t

t, T-m 6.( -00 (mhr

II

Fiur 5.Cuuatv inak v. s ti e (loglog

S- 6.8 t"0 "0 (m) "

or I - 2.5 t0.07 (in. hr - )

13



Table 3. Cumulative intake (Apple Valley).

1st Application 3rd Application
(Unsaturated) (Saturated)________

Time Y Time Y
Amin) (cm) Cmi (cm)

6 2.2 2 0.12

7 2.85 3 0.25

9 3.5 5 0.5

11 4.3. 10 1.2T

12 4.5 14 1.81

13 5.0 18 2.22

14 5.3 21 2.47

15 5.8 26 3.23

1T 6.7T 30 3.74

47 5.33

60 6.85

71 7.87

Data represent mean of 3 observations.
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Since the surface of the test area was not completely level, and the
water head measurements were done primarily in the low area, it was possible
for the maximum Y readings to be higher than the mean amount of water
applied, as in the case of the saturated application which was equivalent
to a mean value of 6.2 cm.

According to the Soil Conservation Service permeability clasificatio
(US EPA 1977), the saturated infiltration rate at this site (6 to 7 cm hr-)
corresponds to the moderately rapid class (Fig. 35).

Clarence Cannon Dam site

The preparation of site 12 required approximately the same effort
as Apple Valley. At site 11, where a 3-m diameter area and only one
tensiometer row were used (U.S. Army Corps of Engineers, in press), the
berm installation effort was reduced to less than 2 man-hours, and the
tensiometer installation to less than 1 man-hour.

At site 12 the first application was 3.2 cm of water. The second
application, 6.5 cm of water, was done 2 hr after the first. Because of a
low permeability layer below 30 cm, only the soil above that depth became
saturated prior to the second application.

The soil tension data for the two applications at site 12 are listed
in Table 4. It appears that the tensiometers at the 61- to 107-cm depths
had not reached equilibrium prior to application. There is no other
obvious cause for the soil tension to increase after water application.
The general trend of the soil tension with time is shown in Figure 16a.

The dry density, gravimetric and volumetric soil data for site 12
are listed in Table 5 and plotted in Figures 17 and 18. The general
trend of the volumetric water content with time is compared with that of
soil tension in Figure 16b.

Curiously, the same problem exists here as at Apple Valley: the water
content in the soil profile 2 days after application is higher than that
after 1 day (mean difference approximately 2%). The increase in the 15- to
85-cm depth range does not correspond to the slight decrease in water content
in the top 15 cm (Fig. 17). The problem of variations in the soil profile
(and therefore an insufficient sample number) was apparently present also
at this test site.

Only one water application (6.5 cm) was done at site 11. Saturation
of the top 30 ca of soil was reached after approximately 0.5 hr. Judging
from the soil tension data at 63 cm (Table 6), there was a layer of low
permeability somewhere between 30 and 63 cm (the B horizon extended from 29
to 58 cm deep). The tension data are plotted in Figure 19.

The dry density, gravimetric and volumetric soil data for site 11 are
listed in Table 7 and plotted in Figures 20 and 21. These data Indicate
that after I day the water content above 60 cm had decreased noticeably,
but the tension data (Table 5) still indicate saturation after 1 day. That
is, the water content data imply that after I day most of the applied water
had drained through the low permeability layer (fig. 20 and 21), while the
soil tension data show no change between 3 hr and 1 day after the application.

15



Table 4. Soil tension (site 12, C. Cannon Dam).

Depth (cm): 15 30 46 61 76 91 107
Time

Time Tension (cr of water)

0 240 840 710 460 410 350 30

1st application = 3.2 cm

0.08 220 820 705 470 440 370 60
0.17 180 830 705 475 430 380 80
0.25 60 830 705 480 470 390 95
0.33 40 830 705 490 480 400 120
0.42 30 830 705 490 490 410 130
0.50 25 830 705 500 500 410 145
0.58 20 830 705 500 510 420 160
0.67 20 830 705 510 520 425 170
0.75 15 825 705 515 525 430 180
0.83 10 820 705 530 530 430 200
0.92 10 815 705 530 535 440 205
1.0 10 800 705 540 540 440 220
1.17 10 780 705 560 550 450 230
1.25 10 765 705 560 550 450 240
1.3 15 730 705 560 555 460 250
1.4 20 700 705 565 555 460 255
1.7S15 530 700 580 560 460 280

|I 2nd application - 6.5 an

2.0 10 200 700 580 570 465 300
2.25 10 70 700 585 570 465 305
2.5 10 65 700 595 585 465 315
2.75 10 55 700 600 580 465 330
3.0 0 40 695 620 600 485 350
3.25 5 40 695 620 600 485 350
3.S 0 50 695 620 600 485 355
3.75 5 45 680 630 595 495 370
4.0 5 45 680 635 600 490 370
4.25 S 45 680 640 600 490 375
4.5 5 50 680 640 610 490 390
5.0 5 so 680 640 610 490 390
6.0 0 30 630 620 590 480 400
6.5 0 20 630 630 590 480 400
7.0 0 20 620 630 590 470 420

10.5 0 20 600 640 $95 470 420

Rain during night

I day 0 10 30 650 370 550 580
1.3 days 0 0 0 520 60 510 580

2 days 0 20 10 260 30 570 630
2.2 days 20 25 20 145 50 520 590

Tension data represent vrean of 3 observations.

16
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Figure 18. Volumetric composition of soil (site
12, C. Cannon Dam).
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Figure 19. Soil tension vs time at various depths
(site 11, C. Cannon Dam).

The cumulative intake Y vs time t data for site 11 and for the second
application at site 12 are listed in Table 8 and plotted in Figure 22 on
arithmetic scales. A pit, I m square and 40 cm deep, was excavated near
site 11 and filled vith 3 cm of water to observe the infiltration rate
below the 40-cm depth. These data are also plotted in Figure 22. The site
12 data for the entire 8.5 hr observation period are shown in Figure 23.

18



low * ,q '

Table 5. volumetric composition of soil (site 12, C. Cannon Dam).

Gravi-
Depth Density metric Volumetric +

(cm) (ga(n))61 (%1 M %
Water Content(G-2.5

Before application

8 "1.3 21.6 28.1 49.1 77.2
23 1.32 24.6 32.5 49.7 82.2
38 1.38 27.4 37.8 52.5 90.3
53 1.47 21.7 31.9 56.0 87.9
69 1.62 15.2 24.6 61.5 86.1
84 '1.8 15.1 27.2 67.9 95.1

1st application -3.2 cm

1 hr after 1st application

8 29.0 37.7 49.1 86.8
23 30.1 39.7 49.7 89.4
38 27.7 38.2 52.5 90.7
53
69
84

2nd application - 6.5 cm
(2 hrs after 1st application)

1 day after applications

8 28.4 36.9 49.1 86.0
23 30.7 40.6 49.7 90.3
38 33.5 46.3 52.5 98.8
53 29.6 43.6 56.0 99.6
69 21.3 34.5 61.5 96.0
82 14.5 25.5 67.9 93.4

After 2 days'

8 26.8 34.8 49.1 83.9
23 32.4 42.8 49.7 92.5
38 35.5 49.0 52.5 -.'100
53 30.3 44.6 56.0 -..100
69 23.3 37.8 61.5 99.3
84 17.5 31.5 67.9 99.4

On(e and two day data represent mean of 2 samples.
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j Table 6. Soil tension (site 11, C. Cannon Damn).

Depth (an): 10 18 30 63 76

Time Tension (cm of water)
(r)

0120 160 170 680 145

Application = 6.5 cm

0.08 95 105 170 675 145
o.17 60 10 170 675 140
o.25 20 0 170 675 145
o.33 10 0 170 675
o.42 S 0 125 675
0.50 0 0 60 675
0.58 0 0 0 670
0.67 0 0 0 670
0.75 0 0 0 675
0.83 0 0 0 675
o.92 0 0 0 675
1.0 0 0 0 670
2.0 0 0 0 665
3.0 0 0 0 670

I day 0 0 0 675
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Figure 20. Soil density and water content vs depth

(site 11, C. Cannon Dam).
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Figure 21. Volumetric composition of soil
(site 11, C. Cannon Dam).

The same data, except for the pit, are shown on a log-log plot in

Figure 24. There is an evident break in the site 12 log Y vs log t relationship

at approximately 1 hr, which corresponds to the time when saturation was

reached in the top 15 or 20 cm, and a nearly saturated condition was reached

at the 30 to 35 cm depth.

A similar case exists for site 11. Saturation in the top 30 or 40 cm

was reached in approximately 0.5 hr, which corresponds to a noticeable

break in the log Y vs log t relationship in Figure 24. Therefore, the

solid lines in Figure 24 represent the saturated condition and the dashed

lines an unsaturated condition.
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Table 7. Volumetric composition of soil (site 11, C. Cannon Dam).

Gravi-
Depth Density metric Volumetric

z Y w V V
(cm) (g cm~3  M% M

Water Content (Gs - 2.65)

Before application

8 1.50 27.2 40.8 56.6 97.4
15 1.51 22.3 33.7 57.0 90.7
30 1.54 25.8 39.7 58.1 97.8
38 1.58 14.1 22.3 59.6 81.9
53 1.63 15.1 24.6 61.5 96.1
69 -1.7 16.4 27.9 64.2 92.1

Application = 6.5 cm

2.5 hrs after application

8 1.50 25.6 38.4 56.6 95.0
15 1.51 28.4 42.9 57.0 99.9
30 1.54 27.3 42.0 58.1 100
38 1.58 23.1 36.5 59.6 96.1
53 1.63 17.2 28.0 61.5 89.5
69 - 1.7 15.0 25.5 64.2 89.7

After 1 day

8 1.50 23.2 34.8 56.6 91.4
20 1.52 25.4 38.6 57.4 96.0
30 1.54 24.5 37.7 58.1 95.8
43 1.60 16.0 25.6 60.4 86.0
55 1.65 13.5 22.3 62.3 84.6
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Table 8. Cumulative intake (C. Cannon Dam).

Site 12 Site 11 Pit at Site 11
2nd Application (Surface at 40 cm)

Time Y* Time Y Time Y
hr) (cm) (hr) (cm) (hr) (cm)

0.25 0.75 .O8 0.5 0.25 1.3

0.5 1.0 0.17 0.8 0.5 1.5

0.75 1.45 0.25 1.0 0.75 1.6

1.0 1.9 0.33 1.4 1.0 2.0

1.25 2.1 0.42 1.7 1.25 2.4

1.5 2.25 0.50 1.9 1.5 2.5

1.75 2.4 0.58 2.0 1.75 ?.6

2.0 2.45 0.67 2.1 2.0 2.7

2.25 2.75 0.75 2.2 2.25 2.9

2.5 2.85 0.83 2.4 2.5 2.9

2.75 2.9 0.92 2.7

3.0 2.95 1 2.9

3.5 3.05 2 4.0

4.o 3.35

4.5 3.65

5.0 3.75

8.5 4.75

*Data represent mean of 2 observations
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Figure 22. Cumulative intake vs time (C. Cannon Dam).
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Figure 23. Cumulative intake vs time
(2nd application) (C. Cannon Dam).

The expressions for the cumulative intake (from Fig. 24) and the
computed infiltration rate for the saturated condition are:

Site 12 Y - 1.9 t0 .4 2 (cm) (t > I hr)

or Y - 0.75 tO .42 (in.)

I - 0.8 t-
0 .58 (cm hr

- )

or I - 0.31 t- 0.
58 (it. hr- )
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Figure 24. Cumulative intake vs time (log-log)
(C. Cannon Dam).

Site 11 Y = 2.75 to. . (cm) (t > 0.5 hr)

or Y = 1.1 t . 57 (in.)

I = 1.6 t
- 0 .4 3 (cm hr

- )

or I = 0.63 t
- 0 .4 3 (in. iir

- I

Figure 25 shows the interpolated I values (obtained by measuring the
slope of the tangent to the Y vs t curves, drawn by eye, in Fig. 22 and 23)

vs time on a log-log plot. The resulting expressions are:

Site 12 I = t- 0 .65 (cm hr- I)

Site 11 I = 1.6 t-0 .5
3 (cm hr- )

These expressions are slightly different from those obtained by computing
I from the Y vs t relationships.

According to the Soil Conservation Service permeability classification
(uj.. EPA 1977), the saturated infiltration rate at site 12 (0.2 to 0.8 cm_,

hr ) is in the slow to moderately slow range and at site 11 (1 to 2 cm hr )
in the moderately slow to moderate range (Fig. 35).

Deer Creek site

The infiltration test conducted at this site is discussed in detail in
another report dealing with the hydraulic characteristics of the Deer Creek
Lake land treatment site (Abele et al. in press), but the data are included
here for comparison.
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Figure 25. Infiltration rate vs time
(interpolated from Y vs t curves)
(C. Cannon Dam).

The site preparation required approximately the same effort as that at
Apple Valley: 4 man-hours for berm installation, 2 man-hours for tensiometer
installation. and I to 2 man-hours for miscellaneous tasks.

The first application was 2.5 cm of water. The second application was
done after 3.3 hr when the soil was almost completely saturated.

The soil tension data are listed in Table 9 and plotted in Figure 26.
The soil density, initial water content and volumetric composition data are
listed in Table 10 and plotted in Figures 27 and 28.

The cumulative intake vs time data for both the unsaturated and
saturated soil conditions during the first hour after application are
plotted on arithmetic scales in Figure 29 (Table 11).

For the unsaturated condition, there is an apparent break in the Y vs
t line at some time between 20 and 30 min, indicating a variable infiltra-
tion rate for the 1-hr period (which was the time required for the 2.5 cm
of water to enter the soil).

For the saturated condition, the cumulative intake was relntively
constant for the first hour (Fig. 29), but thereafter the intake rate
decreased gradually with time (Fig. 30).

When plotted on a log-log plot (Fig. 31), the Y vs t data for the
unsaturated condition follow an irregular, curvilinear pattern, as was
already implied in Figure 29. The straight lines shown in Figure 31 for
both the unsaturated and saturated conditions represent the best fit lines
estimated by eye.

The expressions for the cumulative intake (from Fig. 31) and the
computed infiltration :ate are:
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Table 9. Soil tension (Deer Creek).

Depth (cm): 8 15 30 61 86

Time
Tension (cm of water)

0 70 55 130 30 20

1st application = 2.5 cm

3 min 35 55 120 20 10
5 min 25 50 120 15 0

11 min 5 35 125 10 0
15 min 5 30 120 10 0
20 min 5 20 110 5 0
30 min 5 10 105 0 0
40 min 5 5 100 0 0
50 min 0 0 90 0 0
1.0 hr 0 5 80 0 0
1.2 hr 0 5 60 0 0
1.5 hr 0 5 50 0 0
1.7 hr 5 5 45 0 0
2.0 hr 5 5 25 0 0
2.2 hr 5 5 20 0 0

2.4 hr 5 5 20 0 0
2.6 hr 5 5 20 0 0
2.9 hr 5 10 20 0 0
3.1 hr 10 10 20 0 0

2nd application = 8.5 cm

1 hr 0 0 0 0 0

Tension data represent mean of 3 observations.
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Figure 26. Soil tension vs time at various depths
(unsaturated) (Deer Creek).

Table 10. Volumetric composition of soil (Deer Creek).

Gravi-
Depth Dens ity metric Volumetrc

(cm) (g CM-3)  %) ( 4v ()
(Gs = 2.71)

Water Content

I...5

6 1.41 27.0 38.1 52.0 90.1
15 1.69 17.6 29.7 62.}4 92.1
30 1. 66 19.8 32.9 61.3 94. 244 1. 53 25.5 39.0 56.5 95.5

58 1.66 17.9 29.7 61.3 91.0

Fgr. Dry Density

Dopt S)  
w,Grovetric Wter Contentt(%r V, , Voluetric Water Content riM

20 1 2 30 0 20 30 40

S.23540 0

ob. c,30 0 . 1 32.9 I , I ,6

Figure 27. Soil density and water content vs depth
(before application) (Deer Creek).
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Figure 29. Cumulative intake vs time (Deer Creek).
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Figure 30. Cumulative intake vs time (saturated)
(Deer Creek).
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Table 11. Cumulative intake and incremental infiltration rate (Deer Creek).

Intake j Rate
Time y AY at I t
(hr) (cm) (cm) Ahr) (cm hr (hr)

Unsaturated condition

0 0
0.3 0.05 6.0 0.025

0.05 0. 3
0.15 0.12 1.25 0.11

0.17 0.45
0.25 0.06 4.17 0.20

0.23 0.7
0.25 0.05 5.0 0.255

0.28 0.95
0.35 0.12 2.92 0.34

0.40 1.3
0.3 0.15 2.0 0.475

0.55 1.6
0.2 0.17 1.18 0.635

0.72 1.8
0.25 0.16 1.56 0.80

C.88 2.05
0.3 0.17 1.76 0.965

1.05 2.35

Saturated condition

0 0
0.3 0.25 1.2 0.13

0.25 0.3
0.2 0.25 0.8 0.38

0.5 0.5
0.25 0.25 1.0 0.63

0.75 0.75

0.2 0.45 0.44 0.98
1.2 0.95

0.45 0.7 0.64 1.55
1.9 1.4

1.0 2.1 0.48 2.95
4.0 2.4

4.1 12.3 0.33 10.15
16.3 6.5
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Figure 31. Cumulative intake vs time (log-log)
(Deer Creek).

Unsaturated condition

0.76
Y = 2.3 t (cm)

0.76 ( ,,
or Y = 0.91 t (i_

(t = hr)

I - 1.75 t
- 0 .2 4 (cm hr

- )

or I = 0.69 t- 0
24 (.

Saturated condition

0.74
Y = 0.84 t (cm)

0.74
or Y - 0.33 t (',..)

I = 0.62 t-.26 (cm hr )

-0.26 -1

or I = 0.24 t (io. hr )

The slopes of the Y vs t, and therefore of the 1 vs t lines, are

practically the same for both the unsaturated and saturated soil conditions.

The infiltration rate can also be calculated from the individual

field measurements (Table 11), or obtained from the slope of the Y vs t

lines in Figure 29 and from the slope of the tangent to the curve at any

t value in Figure 30. The results of this method for the satu'qt'd

condition are plotted in Figure 32 (log-log plot). The agreement between

the calculated infiltration rate and that determined from the Incremental

measurements and interpolated values (Fig. 32) is very close:
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Figure 32. Infiltration rate vs time
(saturated) (Deer Creek).

Calculated from log Y vs log t relationship

I - 0.65 t
- 0 .26 (cm hr

- )

Determined from best fit line for incremental values

I - 0.65 t
- 0 .3 (cm hr

- )

It should be noted that the cumulative intake and the infiltration
rate for an unsaturated condition will vary, depending on the soil water
content or the degree of saturation prior to the water application. The
Y and I values shown here are applicable only to that particular soil
water content condition and the degree of saturation at the time of the
test.

According to the USDA-SCS permeability classification for saturated
soils (U.S. EPA 1977), the soil permlability at this site corresponds to a
range of moderately slow (0.6 cm hr at I hr ) to slow (0.3 cm hr after
12 hrs) (Fig. 35).

SUMMARY AND CONCLUSIONS

The use of a large-scale, in situ infiltration test appears to be a
reliable method for determining the realistic soil infiltration rates re-
quired for the design of land treatment facilities. A 6.1--m (20-ft)
diameter area with a seal around the periphery of the test surface was used
for three tests, and a 3-m (10-ft) diameter area was used for one test.
The effort required for site preparation (layout, berm and tensiometer
installation) is approximately 8 man-hours for the 6.1-m (20-ft) diameter
area, and 3 to 4 .man-hours for tile 3-o (10-ft) diameter area.
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It is felt that the smaller, 3-m diameter test area is large enough
to provide representative and reliable infiltration rate data. The site
preparation effort is reduced to one-half and the amount of water to one-
quarter of that required for the 6.1-m diameter area.

Tensiometers are recommended for monitoring the relative degree of
saturation of the soil during and after the water application. The soil
density and initial water content profile should be determined from soil
cores prior to the test. These data are useful for identifying the soil
profile characteristics and for interpretation of the test results.
However, monitoring the water content or saturation with soil samples is
neither convenient nor possible while free water remains on the soil surface.

The cumulative intake vs time relationships for the saturated soil
condition at the various test sites are compared on an arithmetic plot in
Figure 33 and on a log-log plot in Figure 34. The saturated infiltration
rates are summarized in Table 12, and their variations with time are compared
in Figure 35.

The saturated infiltration rate at Apple Valley is relatively constant
and, according to the SCS classification, is moderately rapid.

The saturated infiltration rates at the Clarence Cannon Dam sites
decrease noticeably with time, most likely because of the low permeability
layer in the lower part of the B horizon. The rate values at site 12
range from moderately slow to slow and at site 11 from moderate to moderately
slow.

At Deer Creek, the saturated infiltration rate ranges from moderately
slow to slow. The infiltration rate decreases with time but at a lower
rate than those at Clarence Cannon Dam.

10

o /Apple Valley

IDeer Creel;

0 2 1 4

F Clarence Cannon Dary c
4- S teI

E

2

0 2 4 6 a 1 12 14 16
t, Time (hr)

Figure 33. Summary of cumulative intake vs
time (Deer Creek).
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Figure 35. Summary of computed infiltration rate vs time (saturated).

Figure 36 (reproduced from Fig. 3-3 in EPA/CoE Manual 1977) shows

the estimated amount of wastewater that can be applied per week as a function

of soil permeability (infiltration rate). The infiltration rates at 1 and

10 hr after the start of the saturated infiltration test at each test

location are superimposed on the figure (for the Apple Valley and Clarence

Cannon Dam site 11, the 10-hr values have been extrapolated; see Fig. 35).

The results from the infiltration tests indicate that the soil at the

Apple Valley site would be capable of accepting approximately 50 to 100 cm
(10 to 40 in.) of wastewater per week (Fig. 36) and would, therefore, be

suitable for rapid infiltration.

The Clarence Cannon Dam site 12 would be suitable for slow infiltration,

in the 2.5 to 10 cm (I to 4 in.) per week range. Site 11. being more permeable

than site 12, could easily accept 10 cm (4 in.) per week.
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Figure 36. Design criteria for wastewater application vs soil permeability.

The present application rate at Deer Creek is 2.5 cm (1 in.) per week.
The test data indicate that, if necessary, the rate could be increased to at
least twice and as much as four times the present rate. The results of the
tests at Deer Creek are discussed in more detail by Abele et al. (in press).
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APPENDIX A: COMMENTS ON ARS 41-7, "THE USE OF CYLINDER INFILTROMETERS

TO DETERMINE THE INTAKE CHARACTERISTICS OF IRRIGATED SOILS", 1956.

In Figure 4 (p. 9) of ARS 41-7 (reproduced here as Fig. Al), which
illustrates the plotting of accumulated intake data and the computation of
the expressions for intake D and intake rate I, the units specified for
the equations for I are in terms of inches per hour, but the actual numerical
values to be used for time T are in terms of minutes.

Specifically, in an equation such as

-0.40
I = 5.4 T (in./hr)

it would be natural to assume that (in accordance with standard mathematical

convention), if the units indicated for the I are in terms of inches per hour,
then the term T in the equation is also in terms of hours and the constant C
indicates the intercept on the y-axis at T = 1 hr. In this example that is
not so. The term T is in minutes, and the constant C = 5.4 denotes the
intercept at T = 1 min, although the designated units for the numerical
value of I is shown in terms of inches per hour. This type of mixing of
units can be confusing.

If it is decided that the units for the intake rate are to be in terms
of inches per hour, then the term T in the equations

n
D = CT

I = CnT
n - 1

and I(ave) = CTn
-I

has to be in terms of hours, and the constant C has to represent the intercept
at T = 1 hr, in order for the equations to be mathemptically compatible
with the specified units.

Multiplying the equations (for I) by 60, as shown on the graph, gives
the correct numerical values for I, but it does not really eliminate the
potential confusion of whether T is minutes or hours. A typical example
of this confusion is illustrated in the instruction pamphlet itself. In
the second sentence in paragraph 4, above the graph, the statement ...
time T (expressed in hojr ," could mislead one to assume that in the
equation I Ave - 9.0 T -  

, shown on the graph, the term T is also in
hours, which is not the case at all.

The proper equations for the data shown in the graph are

D - 1.75 T0 .6 0 (in.)

I = 1.05 T- 0 . 4 0 (in./hr)

I (ave) = 1.75 T- 0 . 4 0 (in./hr)

(T - hr)
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and in the general equations, shown in the lower right corner of the graph,
the constant 60 should be deleted. For clarity, it would also be desirable
to add to the x-axis a scale In hours.

Furthermore, it may be debirable to update the ARS 41-7 by converting
to the metric system, i.e., expressing D in cm and I in cm hr

4
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