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NOMENCLATURE

GS  specific gravity of soil
Y dry density of soil (g cm 3)
w gravimetric water content (%) W x WS-  x 100
Ww weight of water (g)
Ws  dry weight of solids (g)
Yw density of water (assume I cm I g)

VT total volume of soil-water-air matrix (00%).
Vw  volumetric water content (%) Vw w (Y x Yw- ) ~-,
Vs  volume of solids (M) Vs = Y x Gs - x 100
Vv volume of voids (%) Vv = VT -V s
Va volume of air (%) Va = Vv -Vw
S saturation (%) S = X Vv x 100
z depth (in.)
Y cumulative water intake (in.)
Ay incremental water intake between two consecutive observations (in.)
YU cumulative intake, unsaturated soil condition (in.)
YS cumulative intake, saturatd soil condition (in.)
I infiltration rate (in. hr- )
Iu  infiltration rate, unsaturated soil condition (in. hy- )
Is infiltration rate, saturated soil condition (in. hr- )
t time (hr) t
At time interval between two consecutive observations (hr)
H height of water applied, head (in.)

h soil moisture tension (cm of water)
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SUMMARY

During 29-30 September 1981, a large-scale (6-ft-diam.) flooding infil-

tration test was conducted at a representative site in a proposed wastewater

land treatment area in North Carolina to determine the infiltration and re-

aeration rates of the soil. Soil profile characteristics to a depth of 30

in. were determined from samples obtained adjacent to the infiltration test.

Tensiometers, installed at various depths, were used to monitor the satura-

tion and reaeration of the soil profile. The infiltration rates for unsatu-

rated and saturated soil conditions were determined from observations of wa-

ter head drop.

To determine the infiltration rate of the soil in the existing unsatu-

rated condition and to saturate the soil profile, 5.2 in. of water was ap-

plied. To determine the saturated infiltration rate of the soil profile, an

additional 3.2 in. of water was applied the next day after all of the initial

5.2 in. of water had percolated into the soil.

The saturated infiltration rate, which represents the rate at which wa-

ter can move through a soil profile (saturated hydraulic conductivity or per-

meability), was 0.13 in. hr -
. According to the Process Design Manual for

Land Treatment of Municipal Wastewater (U.S. EPA et al. 1981), a conservative

wastewater application rate for this infiltration rate is between I and 2 in.

wk (between 5 and 10% of the saturated infiltration rate).

The reaeration rate of the saturated soil profile was equivalent to 1.35

in. of water after 6 days. That is, in approximately one week a sufficient

volume of water was displaced in the soil profile through evaporation and

drainage to accept more than 1 in. of additional water. Since a saturated

soil condition represents the "worst case" situation, the reaeration in un-

saturated soil would be higher. At a spraying application rate of 0.1 in.

per hour, a 1-in. continuous application would require 10 hr. Since the ap-

plication rate (0.1 in. hr- ) does not exceed the saturated infiltration rate

at 10 hr (0.11 in. hr-), no surface runoff should occur even during a "worst

case" (saturated soil) condition.

Based on the test results, an application rate of I in. per week is con- ,

sidered conservative. Results from double ring infiltrometer tests, con-

ducted by others, were, in most cases, similar to those of the large-scale .

infiltration test.

vi

S Ii

' -'., ,. ,,, ,,-, '-.,,-, .,--,,.., -.- .;. ..",, .,,." .'..' ,..'-./ '/ , ./ ... .€.'. ,.,...:."....... ..*..".'.....1



Gunars Abele and John R. Bouzoun

I NTRODUC TION

The infiltration rate of a soil is defined as the rate at which water

enters the soil from the surface. The hydraulic conductivity (permeability)

is a measure of the ease with which a fluid passes through the soil (U.S. EPA

et al. 1981).

The flow rate of water into soil in an unsaturated condition decreases

with an increase in the soil water content, eventually becoming relatively

~constant after a saturated soil condition has been reached (steady state).

This condition identifies the saturated hydraulic conductivity (saturated

permeability), which is equal to the saturated infiltration rate, and repre--.

sents the minimum infiltration capacity of the soil. Since the saturated in-"'"

"o.

filtration rate represents the most conservative ("worst case") situation,

the design application rates are based on this value. The current criterion

(U.S. EPA et al. 1981) states that a wastewater application rate equivalent

to 5 to 10% of the saturated infiltration rate of clear water is considered a

safe design rate that permits sufficient drainage and evapotranspiration and

thus provides sufficient reaeration between applications.

A large-area infiltration test, developed by CRREL (U.S. Army 1981), was

conducted on 29-30 September 1981 as part of the planning for the proposed

Chatham County Recreational Area Wastewater Treatment System 12 miles south-

east of Chapel Hill, North Carolina, at a location selected by the Wilmington

(North Carolina) District. Five double ring infiltrometer tests were also

conducted at this site by Soil and Material Engineers, Inc., Raleigh, North

Carolina, to provide a comparison between the results of the two types of in-

filtration tests.

The tests were conducted to determine the infiltration and reaeration

rates of the soil at this site, so that appropriate wastewater application
%!

rate canbe etablshed



DESCRIPTION OF STUDY

Test Site Preparation

The test site location (10 ft north of a survey stake with coordinates N

11+00, E 5+00) is shown in Figure 1. The soil and vegetation characteristics

of the area are described in U.S. Army Corps of Engineers, Wilmington Dis-

trict (1980). The test site in its undisturbed condition is shown in Figure

2.

The surface vegetation and the dead litter (leaves, branches) were re- 0

moved from the test area to facilitate the berm and tensiometer installation.

A 6-ft-diam area was laid out, a 6-in.-deep groove was cut along the perime-

ter (Fig. 3), an aluminum berm was installed in the groove, and the soil was

tamped on both sides of the berm to provide a good seal and, therefore, to

minimize lateral water leakage.

Tensiometers, used to monitor the saturation of the soil, were installed

at depths of 4, 9, 12, 15, 18, 23.5 and 30 in. A graduated marker for moni-

toring the water surface level was also installed. The completed test setup

* is shown in Figure 4.
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Figure 2. Test site in undisturbed condition.
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Figure 4. Test site after berm and tensiometer installation.

The test site preparation by three men required 2.5 hr: 1.5 hr for

clearing and berm installation and I hr for tensiometer installation. (In

non-wooded areas, where installation is not hampered by subsurface tree

roots, the required preparation time would be less.)

The water for the test was supplied through a hose from a water truck,

stationed on a hill approximately 450 ft from the test site.

Soil haracteristics on

Soil samples were obtained approximately 10 ft from the infiltration

test area to a depth of 30 in. (Based on visual inspection, the soil profile

characteristics between these samples and the cores from the tensiometer

holers did not appear to differ.) Moisture content and density of the soil

were determined at the Corps of Engineers Soils Laboratory, Neuse, North

Carolina, and the specific gravity, particle size distribution and moisture

retention (relationship between soil moisture tension and water content) at

the CRREL soils laboratory.

Infiltration Test

Tensiometer readings were obtained prior to the water application.

These readings stabilized in less than an hour after installation, and 5.2

' O4
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Figure 5. Water application. 0

in. of water was applied 4 hr after installation (Fig. 5). The actual amount

of water applied was somewhat more than 5.2 in., since the application re-

quired approximately 10 min. and some of the water percolated into the soil.

(This error was approximately canceled by the evaporation from the water sur-

" . face during the test). The 5.2-in. value represents the water head at the

end of the application (the beginning of the observation period). O

Periodic readings, initially at 15-min. intervals, were made of the head

drop (cumulative intake) and soil moisture tension. The 5.2 in. of water

saturated the soil profile to a depth of somewhere between 24 and 30 in. -

To observe the infiltration rate at saturated soil conditions, addition- -

al water (3.2 in.) was applied the following day, and cumulative intake was

monitored as before. The 3.2 in. of water penetrated the soil in approxi-

mately 24 hours. The tensiometer observations were continued (at 2, 6 and 9

days) to observe the rate of drying (reaeration). O

Concurrently with the saturated infiltration test (Fig. 6) double-ring

infiltrometer tests (Fig. 7) were conducted nearby by Soil and Material Engi-

neers, Inc., for comparison.

5
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DISCUSSION OF RESULTS

Infiltration Rate

The cumulative intake (Y) vs time (t) data are listed in Table 1. When

these data are plotted on log-log paper, as shown in Figure 8, the lines of

best fit for both the unsaturated and saturated soil conditions are of the

h' following general form:

Y = C t n  
(1)

where

Y = cumulative water intake (in.)

C = intercept at t = I

t = time (hr) lei

n = slope.

Table 1. Cumulative intake.

H = 5.2 in. H = 3.2 in.

Clock Time Cum. Clock Time Cum.
time t (hr) intake time t (hr) intake

Y (in.) Y (in.)

29 Sep (Unsaturated) 30 Sep (Saturated to between 24
. and 30 in.)

1530 0 0 0830 0 0
1539 0.15 0.4 0845 0.25 0.1

. 1543 0.22 0.6 0900 0.5 0.2
1550 0.33 0.7 0915 0.75 0.25
1600 0.5 0.9 0930 1.0 0.3

1615 0.75 1.1 0945 1.25 0.35
% 1630 1.0 1.4 1000 1.5 0.4

1645 1.25 1.55 1015 1.75 0.45
1700 1.5 1.75 1030 2.0 0.5
2045 5.25 3.2 1045 2.25 0.55

1100 2.5 0.6
30 Sep 1130 3.0 0.65

• - •1200 3.5 0.7

0800 16.5* 5.2 1415 5.75 0.95

1600 7.5 1.3 .O
*Cum. intake of 5.2 in. had
occurred sometime before 1 Oct

0800 hr on 30 Sep; there-
fore t < 16.5 hr. 0830 24 3.2

7
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100Io t 1i~ I I I l lli F T

Applied
Saturation to a 24 in. Depth 5 2 i
Reached Before 5 Hours - 5 2in

Unsaturated

(Y 133 to"')

1.0-
E L

Saturated

0.1 * [Y.030t 
)

0.1 1.0 10 IOC

t,Time (hr)

Figure 8. Cumulative intake vs time.

A regression analysis of In Y as a function of In t gives the following

equations:

Yu = 1.33 t0 57  (unsaturated condition) (2)

Ys= 0.30 to. 7 1  (saturated condition). (3)

The coefficient of correlation (r) for both relationships is 0.99.

The infiltration rate (I), which is the rate of change of Y with re-

spect to t, can then be computed by differentiating eq 1:

I = dY = C n tn-(4)

and the infiltration rates for the unsaturated (Iu) and saturated (Is) soil

conditions at the test site can be expressed by

11= 0.76 t- 0 .4 3  (5)

i s = 0.21 t- 0 .2 9  (6)

The computed I vs t relationships are shown in Figure 9.

The I vs t relationship can be also obtained by calculating the incre-

mental I values for each individual head drop and time observation (I f

AY/At). This procedure, however, usually results in considerable data scat-

ter, especially if the observation time increments and the corresponding head

drop increments are small and therefore cause difficulties in accurately

reading small increments. Computing the infiltration rate from the Y vs t -,'U

8.%

° .d..



relationship (eq 1) using eq 4 mini- %

mizes the effect from errors in in- --' ] ---I T--T--""
cremental readings. 0 Un10tuOted-

In this test, the saturated in- I )--

filtration rate at 1 hr (cumulative g Soturotooo 24

Depth Reached Before
intake 0.3 in.) was 0.21 in. hr-  Saturated S Hours

(refer to Fig. 8 and 9). At the end 01 o.2I_...'

of the test (at 24 hr, cumulative I I I ni, I
OI 10 10 a .

intake 3.2 in.), the infiltration t,T,me (hr)

rate was slightly below 0.1 in. hr - -

rtw sit bew. h Figure 9. Computed infiltration
"" rate vs time. .'

Comparison with Double Ring rtvtm

Infiltrometer Test Data F

Double-ring infiltrometer data 81 rest No Depth (n)

. 4

from five tests (Soil and Material-7 2 9""" I 3 on Surface.:
Engineers, Inc. 1981) are listed in , S

4 on Surface

Table 2, and the resulting I vs t 6 - 5 on Surface

curves, drawn by eye through the

data points, are shown in an arith-

metical plot in Figure 10 (for clar- 24"

itv, the individual data points are
.-43

not shown). Tests 3-5 were con-

ducted at the surface, test I at a "
2 -1

4 -in. depth, and test 2 at a 9-in. - .

depth. 4
Data from test 2 show very high

infiltration rates for the first 45 0 I 2 3 4 .
t,T rme (hr) - .

min. of the test. But, after 2 hr,",' Figure 10. Infiltration rate vs-,

infiltration had virtually stopped. time (double-ring tests).

In test 5 the infiltration rate kept

increasing for the first 2 hr, in contrast to the decrease usually observed.

Results from the other three tests compare very well with each other.

The significant differences between tests 2 and 5 and the other three -O

tests may indicate some localized peculiarities in the soil profile. This

situation illustrates the advantage of a large area infiltration test, where

V the effects of any isolated peculiarities, not representative of the general

soil profile, are minimized. Mel

9

,,°O
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Table 2. Infiltration rates (in. hr- ) determined by double-ring
infiltrometer tests (Soil and Material Engineers, Inc. 1981).

Test

Time 1 2 3 4 5
t (hr) (4 in.) (9 in.) (Surf.) (Surf.) (Surf.)

0
0.522 8.056 1.04* 0.116 0.580

0.25
1.101 4.637 0.985 0.522 0.580

0 50
0.406 1.507 0.753 0.464 0.869

0.75

0.406 0.638 0.638 0.406 1.101
1.0

0.290 0.145 0.580 0.174 1.507
1.5

0.261 0.029 0.522 0.174 1.565

2.0
0.159 0.007 0.449 0.290 1.463

3.0
0.188 0 0.406 0.203 1.239

4.0
0.138 0 0.362 0.101 1.166

5.0
*In Soil and Material Engineers, Inc. (1981) shown as 1.275 due
to arithnetical error.

Incremental intake in inches can be computed by multiplying

infiltration rate by the corresponding time interval between

readings or by dividing observed level change by 6.9.

The cumulative intake data from

double-ring infiltrometer tests 1, 3 
PqCRRELTest -

and 4 are compared with the CRREL ( / -..:/'CRREL Test"-"
large area test results in Figure 11. ( sauraLtedt- ~(saturated) "-"

%J.0
The Y vs t relationships for these Test No. Depth (in)

2 - ii .epth n -
three tests could also be represented 3 (o) on Surface

as straight lines on a log-log plot (a) onSurfoce

in the time range of 0.5 to 5 hr. o0. 1.0 10

(This type of plot was not possible t,Time(hr)

with the data from tests 2 and 5.) Figure 11. Cumulative intake vs !l

The computed I vs t lines for time (double-ring tests) compared ..
with CRREL test results.

the three tests (1, 3 and 4) are

shown and compared with the CRREL test results in Figure 12. The results

fall in the area between the unsaturated and the saturated CRREL test

results.
10 ..
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--- CRREL Test
10- 0(unsaturated)

*' .. No.3 (on surface)

. No 1(4 in. depth)e0
~ CRREL Test r''

(satura ed) f

% 0.1 No 4 (on surface) -

% Figure 12. Computed infiltration
0 0 10 rate vs time (double-ring tests)

t,Time (hr) compared with CRREL test results.

0.8-o 3 .Surface

a(a) 4 onSurface
. \ CRREL Test

\unsaturated)

S0.6 N

04 -

0.4 
r

-- 4 g.~ ~ 4'b aN

0.2 ,CRREL Test
0 "-u.- -- __ _ (saturated)

0

0 I 2 3 4 5 6 7 8

tTime (hr)

Figure 13. Infiltration rate vs time data
(double-ring tests) compared with CRREL
test results.

The double-ring infiltrometer test is designed for a saturated soil con-

dition. Therefore, the relatively close agreement between the results from

tests 1 and 4 and those of the CRREL test for the saturated condition is not

surprising (Fig. 12). However, it is not clear why the infiltration rate for

test 3 is approximately twice that of test 4 and therefore compares with the

CRREL test for the unsaturated condition, unless the soil was not saturated

during test 3.

The infiltration rate vs time data for tests 1, 3 and 4 are plotted on

arithmetical scales in Figure 13. The computed curves from the CRRFL test

(both unsaturated and saturated soil conditions) are also shown for compari-

son. The numerical values of the infiltration rates from all the tests at 5

hr (the end of the double ring infiltrometer test) are compared in Table 3.
The I values shown (for t 1 5 hr) include the following:

f- .

4' i v e".''''=,r4'. / , "," "r', ' ' 4 .,,." " ." ' " . ", " " ". ' " " ' . .•" . "
; . - _ _ . . , 3 × , . . • . % 1, . - ' '



Table 3. Comparison of infiltration rates.

I (in. hr- ) at 5 hr

From last From
Test reading curve Location (depth)

Double-ring

1 0.14 0.15 4 in. below surface

2 0.015 0 9 Jn. below surface

3 0.36 0.38 On surface

4 0.10 0.17 On surface

5 1.17 - On surface

CRREL Test

Unsaturated 0.38 On surface

Saturated 0.13 On surfaceJ.

Double ring test:

I obtained from the last reading (Soil and Material Engineers, Inc.

1981, and Fig. 13).

I obtained from the curves drawn through the data points (Fig. 10, 12,

13).

CRREL test:

I (unsaturated and saturated conditions) obtained from the computed

curves (Figs. 9, 12, 13).

In Figure 13, the calculated I represents the mean infiltration rate

during the time period between the two consecutive readings and is plotted at
a mean value of t. For example, if readings of the intake are taken at t = 4

and t - 5 hr, the infiltration rate is calculated by dividing the difference

in the intake (change in water level) by the time interval since the previous

reading (I - AY/At), in this case, during the 1-hour period (between t - 4

and t - 5 hr). Therefore, to be technically correct, the I is plotted at the

mean t of the corresponding time interval, in this case, at t 4.5 hr, rath-

er than at the time when the readings were taken.
41~
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Soil Characteristics

The soil characteristics adjacent to the test site at the begTinning of

the test are listed in Table 4. The dry density and the water content

(gravimetric and volumetric) profiles of the soil are plotted in Figure 14. •

The volumetric composition (solids, water, air) of the soil profile is shown

in Figure 15 and the saturation in Figure 16. The particle size distribution

data are plotted in Figure 17.

y. Dry Density 
1miV e

(bft
"3
) 70 80 90 w, Gravnetric V Volumetric

Water Content (%) Water Content (/)-

(gcnri
3
) . 12 14 1.6 20 30 20 30 40
0 - 1-4,. >t..' K K -'# '-# '

-.

. 12 N

206

'.. ~24-li'- '

28 Sample Length si 4 in.
3C i Ii .. L.. , L1 I I i l% :

30-'

Figure 14. Dry density and water content

profiles.

Table 4. Soil characteristics.

Depth (in.)

7.5- 12- 17.5- 21.5- 26.5- 4
,_. 0-4 4-7.5 11.5 16.5 21.5 26.5 30

Gray. water cent, 29.7 18.90 19.31 20.85 23.34 23.52 23.46
" - w(%) -' -

Dry density, Y 1.1 1.24 1.44 1.53 1.50
(g cm-)

Specific gravity, 2.55 2.68 2.72 2.72 2.74

Volume of solids, 43.1 46.3 52.9 56.3 54.7
vs( ). -

Volume of water, 32.7 23.4 27.8 31.9 35.0~~Vw(%) I

Volume of voids, 56.9 53.7 47.1 43.7 45.3~~Vv(m) :

Volume (sol. + wat.), 75.8 69.7 80.7 88.2 89.7

vs + Vw m
Volume of air, 24.2 30.3 19.3 11.8 10.3

V a(M)
Saturation, S(%) 57 44 59 73 77 -:-_

13
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Volume 1%) S, aturatic (/)

0 20 4 0 6 0 60 10 , 4 0 6 0 80 00"',.4 
i" 1 

[ /

2_ 21 4 1FL"

4- 40

24. V! 224 i- , " -

30 2. _ ____ __100 80 60 40 20 0

Figure 15. Volumetric Figure 16. Saturation

composition profile. profile.

U.S. Standard Steve Numbers Hydrometer
S I 3 1 3 Poz o

10 b4 32kvi1 268 4 10 20 40 50 70100 200 0

80 20

So -40 .

Depth, (in)

" 40 (o ) 4.5 -7.5 60 0

- (a) T5 -11.5

'.a) 20 ()2-16 %
,. ) 1 7 - 2 1J .1

I 1 1 1 j I I'100
00 10 1.0 01 0.01 0.001

Grain Size (mm)

'5. . Figure 17. Particle size distribution.4. .,, 
17-Prt cls z

The initial total air space (Va) in the top

30 in. of the soil profile was approximately 16% G

% of the total volume (Fig. 15). Therefore, the ApplIed(5.2in.)

top 30 in. of the soil had sufficient void space 8

to accept approximately 4.8 in. of water (30 04 1 J
in. x 0.16 = 4.8 in.). (This is a theoretical

0
'I.. condition, assuming all the air pores are filled

with water and there is no lateral movement or o "5

percolation below the 30-in. depth.) The cumu- . '.

lative available void space in terms of inches E I -

of water (calculated from Fig. 15) with depth is

shown in Figure 18. This figure indicates that 0 0 20 30 40
z, Depth (in.) 21

the actual initial application of 5.2 in. of wa-
Figure 

18. Cmltv

ter would have been sufficient to saturate the Fiue 18. Cmate

.
available void space

profile to a depth of approximately 33 in. with depth.
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It should be understood that the curve in Figure 18 is applicable only

to the particular soil profile characteristics listed in Table 4 and illus-

trated in Figures 14 and 15. The soil profile characteristics will vary

throughout the proposed spray area, and the water content in the profile will

vary with the location, the time of the season and prior precipitation.

It should also be realized that complete saturation (S = 1007) of a soil

profile is usually not possible in the field, regardless of the amount of

water applied, because of trapped air in isolated voids. The amount of air

. voids remaining in an apparently saturated soil can range, depending on soil

type, from 5 to 15% of the total volume (VT).

Water Flow through Unsaturated Soil

The soil moisture tension data are listed in Table 5, and the soil Mois-
,. -.|

ture tension vs time at various depths is shown in Figure 19.

Figure 20 compares the calculated amount of water required to fill all

* available air space (from Fig. 18), shown with the solid line, and the actual s.

amount of water (cumulative intake), shown with the dotted line, which re-

suited in apparent saturation (h = 0) at the various depths (time of satura-

tion is from Fig. 19 and cumulative intake Yu at these times is from Fig.

Table 5. Soil moisture tension (cm of water).

After 3.2-in.

After 5.2-in. application (hr) application (days)

Depth
(in.) 0* 0.25 0.5 0.75 1.0 1.25 1.5 5.25 17 0* 1 1.4 2 6 9

4 720 0 0 0 0 0 0 0 0 0 0 40 20t 50 100

9 9 700 700 680 580 350 190 110 0 0 0 0 0 0 40 50

12 650 590 30 200 140 70 0 0 0 0 0 0 0 30 30

15 620 330 20 0 0 0 0 0 0 0 0 0 0 20 30

18 600 590 0 0 0 0 0 0 0 0 0 0 0 20 0 -

23.5 320 320 320 280 230 170 120 0 0 0 0 0 0 10 10

30 440 60 60 100 110 110 150 260 170 170 90 80 80 70 60

i* ror to application.
t An undetermined amount of rainfall occurred between 1.4 and 2 days.

. ..
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From Table 5 (and also Fig. T

% FDepit :r

19) it can be seen that the satu- Be9

ration of the soil did not proceed

progressively downward; that is, 6o0()

to 18-in. depths occurred before
-2

saturation at the 9-inch depth. 400

Possibly the soil layer at the 9- 3oo 1 235

in. depth was very permeable, al- 0 3
30-

lowing the water to easily pass n I I '"k

through it and, therefore, first -0  .'-;.

saturate the less permeable soil 00 /\o..

below, in this case at the 18-in.

depth. After that, the saturation I 2 3 4 5 6
t,Time (hr)

front would move progressively up-

ward until the entire top 18 in. Figure 19. Soil moisture tension
vs time at various depths.

was saturated, and then eventually

continue downward.
Amount of Water or Cumulative Intake (in

This explanation is supported 0 I 2 3 4 5 6 7

to some degree by the soil profile -Required to FllI All
J,/ /-/ " ' Available Void Space NJo

characteristics. In the top 20 [to Depth z (from fig 18)

in. of the soil, the density (Fig. 0p ,"A'plied
(52 in

14), volume of solids (Fig. 15) . V Remaining

- 20 .
and clay content (Fig. 17) gradu-

ally increase, implying a decrease 30/ N/
-. 30 /" " '.

in permeability with depth. Other LActual Amount Which Resulted in
Apparent Saturation at Depth

characteristics that may explain (soil moisture tension= 0)

the saturation progress are the V4.
Figure 20. Comparison of available

initial water content (Fig. 14), void space and actual water needed to

saturation profiles (Fig. 16) and reach apparent saturation.

the initial air volume profile

(Fig. 15). The least saturated section of the soil profile is between the 4-

and 8-in. depth, the water content or saturation increasing gradually with

depth below 8 in. At the 12- to 22-in. depth, the available air volume (Va) ,.

is relatively low, in the 10 to 12% range, and would therefore require rela-

tively little water to reach saturation. Significantly more water would be

16
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L
required to fill the available air space above the 10-in, depth (Va at 9 in.

is approximately 20% and at 6 in. approximately 30%).

The comparison of the two curves in Figure 20 permits estimation of the

approximate air space remaining in the soil profile after the tensiometers S

indicated apparent saturation. The area under the dotted curve in Figure 20

is approximately 60% of the area under the solid curve representing the

available air space. Since the air space for the 0- to 30-in. depth was ap-

proximately 16% of the total volume (refer to Fig. 15), the percentage of the

total volume filled with the applied water is

0.16 x 60 - 9.6%

which is equivalent to

9.6% x 30 in. f 2.9 in. of water. 0
In other words, at the end of the initial application, 2.9 in. or 56% of the

5.2 in. of water applied was located in the soil above the 30-in. depth.

Most of the remaining 2.3 in. of water had percolated below the 30-in. depth,

but some of this water may have moved out laterally below the bottom of the S
aluminum berm (Fig. 21).

The volume that remained filled with air at the apparent saturation

point was 6.4% of VT (i.e. 16% - 9.6%) for the 0- to 30-in. depth.

Initial After Intake of
Condition 5.2 in. of Water Application (intake) * 5.2 in. of Water

* on 72 in. Diameter Soil Cylinder

6% 23i. of Water Outside Soil Cylinder
16%2.9in. of Water Inside Soil Cylinder ,'"

32% ~ 41.6%

* 72 in.

Berm 4

52% V5  2% O ~SoilCylinder
~Horizontal

Flow

Block Diagram of vria lw:
Soil Cylinder CompositionVetcllo

Figure 21. Schematic of water budget before and after
initial application. ~
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The initial behavior of the t-asiometer it the 3()-in. depth appeared

very unusual. For no apparent reason, the teolqtomor r ruadiocs o! . 5)

dropped suddenly after the initial water ap,,L,-otion and then starLed to in-

crease slowly (Fig. 19). It is possible, how,,- , that the seal around the

tensiometer tube at the soil surface was not very good, allowing water to

V'.-.., percolate quickly downward along the tube and reach the tensiometer tip.

The tensiometer at the 30-in. depth did not indicate a saturated condi-

tion at any time during or after the test (refer to Table 3). If more than 5

in. of water (most of the 2.3 in. from the initial application, plus most of

the 3.2 in. of the additional application) is considered to have passed
% through the 30-in. depth, the tensiometer readings at this depth may not be

representative of the actual water content conditions. It is, therefore,

.4 ,suspected that the tensiometer installed at the 30-in. depth behaved errati-

cally because of either some deficiency in the instrument tube or its gauge

or some problem at the porous tip/soil interface.

Reaeration

-' "' Unlike the infiltration rate, which can he determined hv direct observa-

tion of the movement of water into the soil, rate of drving (reaeration) of

soil in the field is determined indirectly by using tensioneter readings of

soil moisture tension. Soil tension vs volumetric water content curve, for

various incremental depths of soil are developed in the laboratory and are

* .-" used to convert tensiometer readings to

moisture content values. The relation- So.l epth

ship between the soil moisture tension 600- 4 5  S

and volumetric water content of the 75-115
5".-1

test area soil is plotted in Figure 120-160

22. (Note that the tensiometer gauge 400 - 170-210

readings are multiplied by 10 to obtain i e- I- wetting
300- Phase [ '

tension in units of centimeters of 30 Phse
Drying

water.)

The dashed lines in Figure 22 show ID \ \1

the soil moisture tension (h) vs volu- 100-
%

metric water content (Vw) relationship

during increasing water content (wet- 0 o 20 30 40 50• ,. ~VolV0umetric Woter Content (%

ting stage). During decreasing water"--Figure 22. Soil moisture tension

content (drying stage), the h vs Vw  vs volumetric water content.

18. S.
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relationship does not follow the same curve (hysteresis effect). Therefore,

to determine soil water content from tensiometer readings, it has to be known

whether the soil is in a wetting or drying phase (this can be established by

comparing two consecutive tensiometer readings taken some time apart). The

effect of the hysteresis phenomenon decreases as the slope of the curve in-

creases, as is the case with the three deepest soil samples. For the sample

from the 4- to 7.5-in. depth, the drying curve is noticeably different from

the wetting curve (solid line in Fig. 22).

Near the saturation point (soil tension = 0), a significant change in

water content can be indicated by a relatively small change in moisture ten-

sion (depending on soil type), while farther away from the saturation point, -

a very small change in water content in a particular soil can correspond to a

very significant change in soil moisture tension.

The volumetric composition of the soil at the 4- to 7.5-in. depth be-

fore, during and after saturation is shown in Table 6 (Vw values from Fig.

22). The most significant reaeration ordinarily occurs near the soil sur-

face; the Va values in Table 6 show the increase in the volume of air with

time at the 4- to 7.5-in. depth.

Comparison of the volumetric composition of the soil at the various

depths at saturation and six days later are presented in Tables 7 and 8, re-

spectively. The difference in the volume of air (Va) represents the degree

of reaeration of the soil profile. This difference is shown as the shaded

* - area in Figure 23 (refer to Fig. 15 for the complete initial volumetric corn-

position of the soil profile).

Table 6. Volumetric composition of soil at the 4- to 7.5-
inch depth.

"". Time after saturation (days)

Volume 0 & I day 2 6 9
(%) Initial (Saturated)

V s  46.3 46.3 46.3 46.3 46.3

"0 Vw  23.4 41.5 38 33.5 31.5

Vs + 69.7 87.8 84.3 79.8 77.8

Va 30.3 12.2 15.7 20.2 22.2
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Table 7. Volumetric composition of soil at
saturation.

Volume Depth (in.)
M(%) 4-7.5 7.5-11 12-16 17.5-21.5 "

V s  46.3 52.9 56.3 54.7

Vw  41.5 37.2 39.8 44.0

+ Vw  87.8 90.1 96.1 98.7

Va 12.2 9.9 3.Q 1.3

Table 8. Volumetric composition of soil 6 days
; '.'-af ter saturation.

Volume Depth (in.)
(%) 4-7.5 7.5-11 12-16 17.5-21.5

Vs  46.3 52.9 56.3 54.7

Vw  33.5 36 38 41

Vs + Vw  79.8 88.9 94.3 95.7

Va 20.2 11.1 5.7 4.3

-- ~volume 1

50 60 70 80 90 100
0 u I -J ,*- - .I I

VO Available 6 Days -'After Saturation
(reaerated volume) ,

-I0 Va Remaining
At Saturation

Vs + V.

20 (o) Initial
(.) At Saturation

- (a) 6 Days After
Saturation

:, 'j30 -I n I i I n
3 30 20 10 0.,-.'V. (%)

Figure 23. Volumetric composition

of soil before, during and six days

after saturation.
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For the top 30 in., the reaerated volume is approximately 4.5% of the

total volume (VT) and is equivalent to approximately 1.35 in. of water (0.045

x 30 in. = 1.35 in.). Therefore, six days after the soil was saturated, suf-

ficient reaeration had occurred to accept more than I in. of water before

saturation would again be achieved. This implies that a weekly addition of

water (including rain) in the amount of less than 1.35 in. would not saturate

the soil. This example represents the "worst case" situation. During a

spraying application in a forest, some of the water will be lost due to evap-

oration from tree trunks and from the surface of the understorV vegetation,

and some of the water entering the soil will be removed by transpiration.

CONCLUSIONS

The saturated infiltration rate of the soil at the test area was slight-

ly above 0.1 in. hr - . This value represents the infiltration rate at the

end of the test, after a total water application of 8.4 in., and therefore

can be considered the saturated conductivity (permeability) of the soil. In

~1fact, the permeability rate of 0.11 in. hr- agrees very well with the esti-

mated subsurface permeability rate range of between 0.06 and 0.2 in. hr-

(U.S. Army Corps of Engineers, Wilmington District 1980).

According to the design criteria (U.S. EPA et al. 1981), a saturated in-

filtration (permeability) rate of 0.11 in hr-1 would permit an application

rate of between I and 2 in. per week (Fig. 24). This criterion is based on

the assumption that a safe weekly wastewater application rate is from 5 to

10% of the saturated infiltration rate for clear water. In other words, the

application rate should be only between 1/20 and 1/10 of the actual capabili-

ty of a saturated soil to accept water. This is considered a very conserva-

tive criterion, which would assure that the soil never becomes saturated and

that sufficient oxygen is available to the root system through drainage and

reaeration.

The saturated infiltration rate at this site was almost identical to

that at the land treatment site at Deer Creek Lake, Ohio, where infiltration

tests had been performed (Abele et al. 1981). At Deer Creek, wastewater from

a recreational area has been applied at the rate of I in. wk-  for several

years. The drainage water at a 30-in. depth has always met drinking water

standards. It was determined that a weekly application of 2 in. of waste-

water would still be a safe application rate at the Deer Creek Lake system.

21

'E.-.



1000 - _ - - -. T

400-

10%ROBAPERMEABILITY

4010 % F PERMEABILITY

z 0

Z 20RA I

4.0

2.0 SO RATE ARBITRAOY DIVISION

0.2 PER~MEABILITY, .1 i: h

PERMEABILITY RATES OF MOST RESTRICTIVE LAVER IN SOIL PROFILE, fl,/h .
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Figure 24. Application rate vs soil permeability.

For the top 30 in. of the soil profile, the reaeration for a saturated

14 soil condition was equivalent to 1.35 in. of water after a period of six

days.

4/. Based on the test results and the design criteria (U.S. EPA et al.

1981), an application rate of 1 in. wk- is considered a conservative value.

At the qpraying rate of 0.1 in. hr-~ (U.S. Army Corps of Engineers, Wil-

,%.. mington District 1980), a 1-in, application would require 10 hours. By re-

ferring back to Figure 9, it can be observed that even in the worst case

situation (saturated soil condition), the infiltration rate at 10 hours is

0.11 in. hr-1  which would be at least as high as the application rate of 0.1
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" in. hr- and, therefore, not create surface runoff. For an unsaturated soil

condition, the infiltration rates are significantly higher. Therefore, for a

1-in. application at the rate of 0.1 in. hr-1 , surface runoff would not like-

ly be a problem. O
Furthermore, since the proposed site is a forested area, not all of the

applied wastewater will reach the soil. A considerable amount of the waste-

water applied by spraying will be deposited on the tree trunks, the branches

and leaves of the understory and on the litter mat above the soil surface and O

will be lost to evaporation. A portion of the remaining wastewater that

eventually does enter the soil will be consumed by transpiration.

The evapotranspiration rate during summer in this type of a forest is

approximately 0.15 in. per day (McKim et al. 1982). This value includes only

the evaporation from the soil and the transpiration through the plants; it

" does not include evaporation of water deposited on the vegetation. There-
a'., . -

fore, it can be expected that 0.15 in. of an application may be lost due to

evapotranspiration during the first day after application and some additional O

amount during the following few days.

During May through November, the mean precipitation rate in this area is
approximately 0.8 in. wk - (winter rate is 1 in. wk-), and the evaporation

"we 1

rate is approximately 1 in. wk- (U.S. Army Corps of Engineers, Wilmington

District 1980). This negative water balance during the summer season pro-

vides a favorable condition for applying additional water.
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