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Sumary

The increasingly pressing problem of liguid waste disposal is nationwide
in scope. The success or failure of syétems designed to infiltrate such
wastes into the soil depends upon the hydraulic regime, which, in turn, is
strongiy afPfected by the soil's intrinsic hydraulic -propei'ties. Accordingly,
site selection and predictions of the performance of projected sewage dis-
posal systems should be based on knowi.edge of pertinent soil parsmeters.
This study is an attempt to measure and evalusie such parameters in the state
of Wisconsin.

During the past six months, alternative methods for measuring hydraulic
conductivity and seepage rates have been evaluated and compared. The most
promising methods were adapted to the purposes of the study and employed at
different sites having different soil properties throughout Wisconsin. It
appears that the Bouwer Double-Tube Method is superior to the State Percola-
tion Test, in that it yields more dependable, consistent and physically
interpretable data. Measurements of unsaturated conductivity were é,l.so
carried out successfully in the field, in anticipation of the unsaturated
flow regimes which will undoubtedly result form surface clogging of soils
by the infiltrating effluent. Since the hydrauiic properties of the soil
can be expected to vary during the anmial cyele, it would seem desirable to
monitor these variations perlcdically. Toward this end, an attempt is being
made to adapt morphologicsl techniques to the evalustion of soil _hyc'traulic
properties.

Data are presented on the comparison of conductivity measurements
(obtained in situ as well as in the laboratory under both saturated and un-
saturated conditions) with State Percolation Tests. In addition, basic

physical and morphological data are given for the following soils:




8t-Charles-Batavia silt loam (location: Charmany farm, Madison)
Plano silt loam (location: Mandt farm, Madison)

Oshkosh clay, both virgin and cultivated {location: OMRO, Wisconsin)
Tama silt loam, both virgin and cultivated (.I.ocation: ?lat’cevil;ie‘, Wisconsin)
Sparta 1o.amy gsand (location: Arena, Wisconsin) |
These data were not heretofore available for the scil typeg included in

this study.



i. Introduction

Disposal of ligquid wastes in .recognized as an increasing probl_cam
throughout the nation. The .considerable capacity of many soils to absorb
and pemj.t _microbia.‘l. break~-down of such wagtes gbove a water table is taken
advantage of by means of various systems such a&s spray irrigalion of waste
waters, waste stgbilization ponds and sephic tank effiuent distribution fields.
In 1963, according to the F‘édzral Council for Science and Technology, fifteen
percent of the U.S. populstion depended upon waste disposal by dispersion in
the soil, and installation of individual sewage systems took place st the |
anmual rate of 300,000 on 75,000 acres of land. The problem is accordingly
of grester magnitude today. Care must be taken to select for such purposes
only those soils that are capable of absorbing the wastes above the water
table, and holding them until noxicus matérials have been decomposed io harmiess
components such as 002, H20 and Ne. The state of the soil system needs
to be checked periodically (Preul, 1964; Hansel, 1968) to make certain that
the rate of imtroduction of wastes does not exceed the capacity of the soil
syetem to break them down before they have reached the wabter table or surface
bodies of water.

There are two concerns in the disposal of domestic sewasge by soil absorption.
These ave (1) health of the public and (2) surface water fertilization.
Sewage =pilling onto the 'ground or into swrface waters is a vehicle of infection.
Of considerable public interest 1s the xelationship of wagte discharge from
septic tank-soil absorption systems .to eutrophication of lakes. This
Investigation will cgntribu'be to publlj.c health and water peoliution adminig-

tration yia our increased knowledge of waste movement through soils.




Reflecting a national trend to better céntrol pollution of our waters,
all Wisconsin Counties are now required by state law to regulate the
ingtallation of on-site sewage gbsorption systems in shoreland areas. Many
counties are adopting sanitary ordinances which apply county-wide. Where soil
maps are available, counties are using them increasingly as a basis for im-
plementing these ordinances (Cain and Beatty, 1965). In the absence of soil
maps, greater reliance is placed on on~site investigation. This increased
emphasis on regulétion of on-site sewage absorpbion systems makes it very
important that soil map interpretations be sound and on-site evaluations be
as accurate as possible. This may well involve a scientific reevaluation of
current soil percolation tests required of land developers by state boards
of heélth. The purpose of the reevaluation is to determine_margins of error
and amplitudes of safety factor. Comparisons of results of mandatory percol-
ation tesfs as now conducted with data obtalnable By newly developed sophisti-
cated apparatué hag not been made systematically. This should be done in a
research program in which advanced methods would be sdapted for routire field
use and in which the growing bpdy of theory about water movement in soil
will be applied to problems of liquid waste disposal in particular soil pro-
files and watersheds.

Accurate information on the rates of mavement of water, both clean and
poliuted, into and in soil (infiltration rate; hydraulic conductivity) is
prerequisite to adequate solution of the problem of liquid waste disposal.
New methods are available for the determinaiion of hydraulic conductivity of
soil at saturation (Bouwer, 1961, 1962, 196k, 1966, 1967) and at various
moisture contents in the unsaturatéd range (Hillel and Gardner, 1969, 1970)
but these methods have not been widely spplied in the field to major soils

of the nation.




Comparison of measurements by the new, precise methods.with tegt data
obtained by conventional field and laboratory percolation and.infiltration
precedures is essential to (1) improvemént in interpretation of the conventional
test data and (2) develapment.of more adequate £ield procedures for predicting
movement of liguid wastes in soils. Specifically, the resultis of the widely
used percolation test examplified by that required by the State Division of
Health {Wisconsin State Department of Health and Socisl Services, 1969)
should now be compared with results of advanced methods, including the Bouwer
hydoraulic conductivity Tield test, the laboratory percclation test on undisturbed
soil cores taken horizontally and vertically, and the infilﬁration tests of
crust-capped soil columns. The variety of soils in Wisconsin is sufficient
to repres&nﬁ many conditibns elgevhere in the country. _.

This effort was begun by the Prihcipal Investigator in 1968, by Dr.
Johannes Bouma and the Principal Investigator in 1969. The work holds the
promise of advancing our undersitanding of the behavier of liquids in cwr
principal soils, and for development of new practical procedures for testing
soils in this regard. Results of the proposgd work in Wisconsin sre expected
to be applicable in other areag and to contribute to the solution of the
national problem of ligquid waste dispossl.

Fundamental studies of the properties, processes and classification of
the soils selected for investigation are necessary to properly interpret data
on infiltration and hydraulic eonductivity and o apply this knowledge to

other areas not directly tested.




2. Methéds of characierizing percolation properties of soils

2.1. General

A mmber of alternative methods have been proposed to characterize the
percolation properties of soils and to help in predicting the expectable
behavior of sewage dispossal systems in different locabtions., Perhaps the
simplest method is to impound water over the surface or inside a boxring
~and to observe the rate of infiltration of the water into the soil. This is
the principle of the method known in Wisconsin as the State Percolation Test,
and specified by law as the standard criterion for the installation of
septic tanks.

Unfortunately, such infiltration tests, though they are simple end easy
to prform, cannot be éxpected to yield reliable information on the hydranlic
behavior of the soil. The results of any such test depend on the initial
conditions (e.g., soil moisture comtent and tension) and on the boundary
conditions {e.g., the size, and depths of the impounded area, the depths
of the soil and the water table) which ,.'preva.il:._ at the time and site of the
test. Hence the resulbs of guch tests are often arbitrary even when the
method of_ performance is highly standard.ized (whi.ch s in any event, isn't often
the case). |

Inherently superior and more reliable are methods which messure intrinsic
physlcal properties of the soil. BSuch messurements should be essentilally
independent of the way they are measured (provided the method is physically
scuiid) and therefore more reproducible and characteristic. The most pertinent
801l physical property to measure in connection with seepage systems is the
hydraulic conductivity, which is defined as the rate of flow through a unit

cross-sectional area of goil per unit hydraulic heasd gradient.




Numerous technidues are now available for measuring hydraulic condnctivity,
both in the lsboratory and in the field. Ia principle, field methods are to
be preferred, since they can give values more nearly pertinent to the actual
behavior of the soil in situ, while laborstory methods necessarily entai_.'l.
some disturbance of the scoll sample as it is removed, transported, and
gubjected to the teeting procedure.

The most convenient field methods for meagurement of hydraulie conductivity
apply to the soil below the groundwater table which is alwaye in the saturated
state. However, in most locations where sewage disposal systems are likely
to be plé.nned the water table is fairly deep, and we are concerned with
the hydraulic propei'ties of the soil above the waetbter tﬁble.

Under such conditions, hydraulic conductivity can be measured either in
the saturated or in the ungaturated soil condition. For the conductivity
at saturation, a convenient method is the one of Bouwer, to be described
subsequently. However, the information obtained may not apply for predictive
purposes vhere the percola'ting wa'b_er tends to clog the surface of the soil
or form a crust over it (due to deposition suspended mineral and organic
matter, and/or to physicochemical and biochemical processes). Under such
conditions, the seepage process casn be expected to teke place in a primerily
unsaturated soil. Evaluat.ion of the unsaturated hydraulic conductivity is
in genersl] more difficult, since it depends on the suction of soil-water,--

a property which is difficult to control and even to megsure in practice.
Recently, however, a method has been proposed (Hillel and Gardner, 1970)
which offers a simple way to evaluate the unsaturated conductivity

characteristics of a soil in situ.




2.2. State percolation test

Soil percolation tests closely resembling the current State
Percolation 'Test, have been used since their intrcduction by Henry ERyon
ca. 1926, McCavhey gt al., 1963. The test estimates the suitsbility of
a eeﬂ:.a.in aite for a sepitic tank system. A detailed description
of the Wisconsin test is to be found in the Régister of the State Board
of Health of Wisconsin, November, 1969 Chapter H. 62.20: Private
domestic sewage trestment and disposal systems. This chapter is

reproduced here.
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(¢) Vacuum-breaker. If the water supply inlet cannot be raised
above the maximum possible water level, an approved type of vacuum-
breaker shall be 1nstalled between the conirol valve and the fixture
in such manner that no back-siphonage is possible under any degree

of vacuum in the water lines and with water in the fixture at the :

maximum possible water level. For positive protection each such

fixture shall have a vacuum-breaker installed 4 inches above the

maximum water level.
(1) Maximum water level. The maximum possible water ievel re-

ferred to heretofore shall be construed as the height to which water

esn rise in a fixture, tank or vat before it flows freely into the open i

atmosphere above the fixture rim or through adequate size openings
50 designed as not to be obstructed by debris or waste matter.

(&) Impure liguids, Fixture contents against which back-siphonage
protection shall be maintained mclude all poliutional material, sew-
age, waste water, processing liguids, chemicals, and all water and

other liguids which can be polluted at some time or other.

(5) SrECIAL EQUIFMENT PROTECTION. All water supply equipment
and appliances serving special fixtures shall conform with the. intent
and purposes of this section. Any unusuai use for water, as for air-
conditioning equipment, hydraulic elevators, presses, fountains, ete.,
shall be given special consideration in relation to possible pollution
of the pure water supply system,

(6) IMPROPER LOCATION OF SEWERS AND PRAINS. Sewers and drains
shall never pass directly over water tanks or any place where drink-
ing water, ice, or food is prepared, handled, or stored.

(7) DuAL WATER SUPPLIES, The maintenance of a pressure system °

of water supply whose purity is questionable, such as cistern water,
in the same building in which a pure water supply exists is dis-

couraged, especially if the water is piped throughout the building -

and not confined to a certain section for special uses or processing.

The piping containing such impure water supply shall be painted red

and properly labeled at intervals. Under no circumstances shall the
two supplies be cross-connected or provision made for their eross-
connection. No c¢ross-connection shall be made between piping con-

nected to a public water supply system and piping .of a private water ;

supply system. See H 62.22 (40).

H 62,20 Private domestic sewage treatment and dispesal systems.
(1) APPROVALS AND LIMITATIONS. {a) Allowable use. Septic tank and
efffuent absorption systems or other treatment tank and effluent dis-
posal systems as may be approved by the department may be con-
structed when no public sewerage system is available to the property
to be served or likely to become available within a reasonable time.
All domestic wastes shall enter the septic or treatment tank unless
otherwise specifically exempted by the department or this section.

(b} Public sewer connection. Private domestic sewage treatment
and disposal systems shall be discontinued when public sewers become
available to the building served. The building sewer shall be discon-
nected from the private system and be connected to the publie sewer.
All abandoned septic tanks and seepage pits shall have the .contents

removed and shall be immediately filled with sand, gravel or simila»

material,

Reglater, Novemper, 1969, No. 167
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(¢} Plans and specifications. 1. Public buildings. Complete plans
and specifications shall be submitted to the department and written
approval received before letting contracts or commenemg work for all
private domestic sewage treatment and disposal systems, and for the
addition to or replacement of existing systems for all public buildings.
Included as public buildings but not limited by enumeration here- .

a. Theaters and assembly halls

b, Schools and other places of instruction
c. Apartment buiidings, hotels and places of detention 1
. d. Factories, office and mercantile buildings I
e. Mobile home parks, camp grounds and e¢amping resorts

f. Parks

2. Local approval. The approval by county or other local govern-
mentai agency shall not exempt the requirements for state approval
for the installation of sewage treatment and disposal systems serving
public buildings. :

3. Submission of plans and specifications. All plans and specifica- ;

a. Detailed plan of the proposed septic tank or treatment tank and
effluent disposal system sghowing building location with all lateral
distaneces indicated, including distance from building served to system,
from system to well, lot line, lake, stream or other watercourse.

b. Legal description of the property on which the system 13 to be
installed,

e. Soil boring and percolation test data.

d. Ground slope and lot size, '

e. Complete data relative to the expected use and oceupancy of the !
building to be served.

4. Availability of plans. There shall be maintained at the project
site one set of plang bearing the department’s stamp of approval.

(d)} Specific limitations. 1. Cesspoois. Cesspools are prohibited,

2. Revised plans. Approved plans and specifications shall mot be
revised except with the written approval of the department.

8. Industrial wastes. When industrial wastes are intended to be
disposed of by soil absorption, the department shall be consulted as
to requirements,

4, Clear water. The discharge of surface, rain and other clear water
into a private domestic sewage disposal system is prohibited.

{2) Som TEsTS AND SITE REQUIREMENTS. (a) Soil tests supervision.
Soil borimg and percolation tests shail be made by or under the direc-
tion and control of a master plumber, or master plumber restricted '
licensed i Wisconsin to install private sewage disposal systems or an
engineer, architect, surveyor or samitarian registered in Wisconsim.
Cevtification of the tests shall be signed by the person providing
supervision and control on blank forms furnished by the department.

(b} Percoletion and boring tests. The size and design of each pro-
posed soil absorption system shall be determined from the regults of
soil peveolation tests and soil borings conducted in accordance with
this section. At leasi 3 percolation tests shall be conducted with the |
holes located uniformly over the area and to the depth of the pro- |
posed absorption system. At least 8 soil borings ghall be dug to a depth

Reglster, November, 1969, No. 167
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at least 3 feet bhelow the bottorn of the proposed system. The borings
shall be distributed uniformly in the area of the proposed system.

(¢) Septic tank location. No tank shall be located within 5 feet of
any building or its appendage, 2 feet of any lot line, 10 feet of any :
cistern, 25 feet from any well, reservoir, swimming pool or the high
water mark of any iake, stleam, pond or flowage, Where pmct:cahle.
greater distances should be maintained.

(d) Seil absorption site. 1. Location. All soil absorption disposal
systems should be located at a point lower than the surface grade
of any nearby water well. The soil absorption system shall be located
not Jess than 25 feet from any building, dwelling or cistern, 50 feet
from any water well, reservoir or swimming pool, 5 feet of any lot
line, 25 feet of any water service or 50 feet of the high water mark
of any lake, stream or other watercourse. Where possible, greater
distances should be maintained,

2, Percolation rate—trench or bed. A subsurface soil absorption.
system of the trench or bed type shall not be installed where the :
average percolation rate of the 8 tests for the site ig slower than 60
minutes for water to fall one mnch.

3. Percolation rate—seepage pit. For a seepage pit, percolation tests
shall be made in each vertical stratum penetrated below the inlet
pipe. Soil strata in which the percolation rabes are glower than 30
minutes per inch shall not be included in computing the absorption
area. The average of the results shall be used to determine the !
absorption area. {

4, Flood plain. A soil absorption system shall ot be installed in a
flood plain.

b. Slope. The soil absorption system shall be constructed on that
portion of the lot which does not exceed the slope here specified for |
the class. In addition, the soil absorption system shall be locaied at
least 20 feet from the top of the slope.

1
|
]
Minutes Requu'ed for Water to l

all One Inch
Shallow Absorption  Deep Absorption
Class Systems Systems Slope |
O Under 3 Under 2 209,
. 3to4h 21030 15% |
. 45 to 60 30 to 60 109 |

6. Filled area. A soil absorption system shall not be installed in a
filled area unless written approval is received from the department.
7. Ground water and bedrock. There shall be at least 3 feet of soil
between the bottom of the soil absorption system and high ground:
water or bedrock.

(3) PErcorLaTION TEST PROCEDURE, (a) Type of hole. The hole shall
be dug or bored. It shall have vertical sides and have a horizontal |
dimension of 4 to 12 inches.

(b) Preparation of hole. The bottom and sides of the hole shall
be carefully seratched with a sharp pointed instrument to expose the
natural soil interface. All loose material shall be removed from the

Reglster, November, 1963, No, 167
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bottom of the hole which shall then be covered with 2 inches of coaxge
sand or gravel when necessary to prevent scouring. '

(¢) Test procedure, sandy sotls. For tests in sandy soils containing
little or no clay, the hole shall be carefully filled with clear water to
a minimum depth of 12 inches over the gravel and the time for this
amount of water to seep away shall be determined. The procedure
shall be repeated and if the water from the second filling of the hole
at least 12 miclies above the gravel seeps away in 10 minutes or less,
the test may proceed immediately as follows: Water shall he added
to a point not more than 6 inches above the gravel, Thereupon, from
a fixed reference point, water levels shall be measured at 10-minute
intervals for a period of one hour. If 6 inches of water seeps away
in less than 10 minutes, a shorfer interval between measurements
shall be used, but in no ease shall the water depth exceed 6 inches.
The finat water level drap shall be used to calculate the pereolation
rate. Soils not meeting the abhove requirements shall be tested as in
subsection (d) below.

(d) Test procedure, other soils. The hole shall be carefully filled !
with clear water and a minimum water depth of 12 inches shall be
maintained above the gravel for a 4-hour period by refilling when-
ever necessary or by use of an automatic siphon, Water remaining
m the hole after 4 hours shall not be removed, The soil shall be
allowed to swell not less than 16 hours or more than 30 hours, Imme-
diately following the soil swelling period, the percolation rate meas-
urements shall be made as follows: Any soil which has sloughed into |
the hole shall be removed and water shall be adjusted to 6 inches over
the gravel. Thereupon, from a fixed reference point, the water level
shall be measured at 80-minute intervals for a period of 4 hours
unless 2 successive water level drops do not vary by more than ¥ of
an inch. The hole shall be filled with clear water to a point not more
than 6 inches above the prave! whenever it becomes nearly empty.
Adjustment of the water level shall not be made during the last 3
measurement periods except to the limits of the last measured water
level drop. When the first 6 inches of water seeps away in less than
30 munutes, the time interval between measurements shall be 10 min-
utes and the test run for one hour. The water depth shall not exceed
6 inches at any time during the measurement period. The drop that
oceurs during the final measurement period shall be used in caleu-
lating the percolation rate,

(e} Verification, 1, Physical characteristics. Depth to high ground
water and bedrock, ground slope and percolation fest results shall be |
subject to verification by the department, Verification of high ground
water shall include, but not be limited to, a morphological study of |
soil conditions with partieular reférence to soil color and sequence -
of horizons, _

2. Filling. Where the natura! soil condition has been altered by -
filling or other attempts to improve wel areas, vetification may re-
quire observation of high ground water levels under saturated soil
conditions.

Note; Detailed sell maps are of value for determining estimated
percolation riates and other soil characteristics.

(4) TreaTMENT TANKS, (a) Design. 1. General reguirements,
a. Sepfie tanks shall be fabricated or constructed of welded steel,
monolithic conerete or other materials approved by the department. |

Register, November, 1969, No. 167
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All tanks ghall be watertight and fabricated so as to constitute an
individual structure,

b. The design of prefabricated septic tanks shall be approved by :
the department,

¢. Plans for site-constructed concrete tanks shall he approved by

the depariment prior to congtruction. I

d. The liquid depth shall not be less than 8 feet nor more than an
average of 6 feet. The total depth shall be at least 8 inches greater
than the liguid depth.

e. Rectangunlar tanks shall have a minimum width of 86 inches and .
shall be constructed with the longest dimensions parallel to the

direction of flow.

f. Cylindrical tanks shall have an inside diameter of not less than ‘

48 inches.

g. Each prefabricated tank shall be clearly marked to show hquld
capacity and the name and address or registered trademark of the

manufacturer, The markings shall be inseribed into or embossed on °

the outside wall of the tank immediately above the outlet opening. |
Each site-constructed conerete tank shall be clearly marked at the

outlet opening to show the liquid capacity. The marking shall be

mseribed into or embossed on the outside wall of the tank mmmediately

ahove the outlet openmg.

h. Precast conerete tanks shall have a minimum wall thickness of
2 inches,

2. Materials and joints. a. The concrete used in construeting a pre.
cast or site-constructed tank shall be a mix to withstand a com-
pressive load of at least 3,000 pounds per sguare inch, All concrete
tanks shall he designed to withstand the pressures to which they are
subjected.

b. The floor and sidewalls of site-constructed concrete tanks shall
be monolithic except a construction joint will be permitted in the
lower 12 inches of the sidewall of the tank, The construction joint
shall have a key way 1n the lower section of the joint. The width of
the key way shall be approximately 809% of the thickness of the
gidewall with a depth equal to the width. A continuous water stop

or baffle at least 6 mches in width shall be set vertieally in the joint, |
embedded one-half its width in the concrete below the joint with the .
remaining width in the conerete above the joint, The water stop or

baffle shall bhe copper, neoprene, rubber or polyvmylchlonde designed
for this gpecific purpose,

¢. Joints between the septic tank and its cover and between the
septic tank cover and manhole riser shall be tongue and groove or
shipiap type and sealed watertight using neat cement, cement or
bitummons compound.

d, Stee! tanks shall be fabricated of new, hot rolled commercial
gteel. The tanks, including cover with rim, inlet and outlet eollars
and manhole extension collars shall be fabricated with welded joints
in such manner as to provide structural stability and watertightness.
Steel tanks shall be coated, mside and outside, in compliance
with the U. 8. Department of Commerce Commercial Standard 177.

Register, November, 1968, No, 147
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FIG., 2.3.2 Measurement of the hydraulic conductivity with
the Bouwer Double-tube apparatus.
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2.3. In situ measurement of saturated hydraulie conduetivity: The Bouwer
double-tube method.

This method is a standsrd procedure for measuring hydraulic conductivity
of gatursted soil, well above the groundwater table (Boersma, 1965, in:
Methods of Soil Analysis, Part 1, p. 234). With the Double tube mei:hod,
two concentric tubes are inserted into an auger hole and covered by a 1id
with a standpipe for each tube. (fig. 2.3.1.) Water levels are maintained
at the top of the standpipes to creabte a zone of positive water pressures
in the soil below the bottom of the hole. The hydraulic conductivity (K)
of this zone is evaluated from the reduction in the rate of flow from the
inner tube into the soll when the water pressure inside the inmer tube is
allowed to become less than that in the outer tube. This is done by stopping
the water supply to the inner tube (closing valve a) and meesuring the rate
of fall of the water level in the standpipe om the im}er.tube while keeping
the standpipe on the outer tube full to the top. This rate of fall is less
than that obtained in a subsequent measurement in which the water level in
the outer tube standpipe 1s allowed to fall at the same rate (by manipulating
valve b) as that in the inner tube standpipe. The difference between the
two rates of fall is the basis of the calculation of XK.

Procedure:

The different stages of the method will now be explained in more detail
with reference to the mumbers on the included pictures. (fig. 2.3.2) A large
auger, with a diameter of 10 inches (1) is used to make a cylindrical hole
(2) to the desired depth. A bottom scraper (3) is used to obtain a flat sur-
face at the bottom. Loose s0il is removed from the hole. Before using the
hole cleaver (&) the outer tube (8) is forced down into the hole. It is
often necessary to widen the hole locally to meke this possible. This is

done with a scraper, not pletured here. UWhen the outer tube is found to Tit
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well it is temporarily removed again. The hole cleaner (I) is gently forced
into the soil at the bottom of the hole. If the soil is dry, premoistening
of it may be pecessary. The thin metal fins of the hole cleaner should
peretrate about 2 em into the soil. Next, the hole clearer is pulled out
of the hole with an upward cork-screw movement that prevents smearing the
soil surface, as would hzppen if the cleaner were turned. without being puiled
up at the same time. The detached mass of _soil is up-ended for observation
of the natural broken surface of soil held between the fins. A corresponding
natural broken soil surface is left at the bottom of the hole.

The outer tube (8) 1s forced down as evenly as possible sbout 5 cm
into the soil at the bottom of the hole (13). This mey require careful
blows of a sledge hammer on a wooden cross-plece. . Control of the .di.stanee
is by measurement from a fixed horizontal reference rod (15). With a vacuum
cleaner (5), powered by a portsble electric generator (6), loose soil
fragments are removed from the bottom of the hole. This bottom surface is
then covered with a thin (1 cm) layer of coarse sand (7) on top of which a
baffle is laid (12), with attached strings looped over the top of the tube.
The outer tube is slowly filled with water (i14). The energy bresker and
sand layer protect the natural soil surface from erosion by the turbdbulent
water. Then the inmer tube (9) and the top plate (10) which has two basal
standpipes leading tc the inner tube and outer tube, respectively, and
three valves {a, b and c)* are 'qssemb.led into one Pixed unit (16). A special
wrench (11} is used to tighten s ring with washer inside the inner well of

the top plate (10). This binds the inner tube to its standpipe.

*
The functions of the three valves are explained as follows. Starting with

the valves closed, they can be manipulated in the course of the experiment
to combrol the flow of water. Opening velve c¢ gllows water to flow into
the outer tube basal standpipe which is situsted between valve ¢ and valve
b. Opening valve a admits wabter into the inner tube basal standpips.
Opening valve b bleeds water from the outer itube standpipe, which can be
-igolated from the water supply by closing valve ¢, and from inner tube
standpipe by closing valve a. '
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The distance of the bottom of the immer tube from the top plate should be
so spaced that the bottom of the inner tube will be only a few cm above the
sand when the assgenmbly (16) is set into and attached to the outer tube.

m hose (14) is then attached adjacent to valve c on the top plate (1).

When the outer tube iz brim full and water stérts streaming between the

loose top plate and the upper rim of the outer tﬁbe, the bolits are tightly
screwed, closing down on the gasket, This procedure flushes out alr, avolding
its entrapment on the under side of the top plete. Valve a is now opened to
admit water teo the inper tube basal standpipe. ihen the conrectlion between
the top plé.te and the inner tube is loosened again. The imner tube slides
downwerds to the soil surface. The sliding distance should not exceed s few
cm in order to avoid turbulence that might disturb the soil surface. The
inner tube is pushed down about 2 cm into the soil. In the meantime water

is contimiously entering the system in such.a quantity as. to keep both tubes
filled all the time. Overflow water that spills onto the top plate from the
outer tube basal standpipe (near valve b) is drained off the td-_o p.1até through
a brass tube and hose extemnsion into a bucket nearty. The depth of peretration
of the inner tube is accurately measured using the reference level (15).

Next, the plastic standpipes for the immer and oﬁter tubes gre fastened to
the two openings in the top plate. For slow infiltrations, a smaller inner
tube standpipe {ITS) is used (R = 0.6 cm); for larger infiltrations a larger
one is used (R = 1.85 em). Valve ¢ is then opened enough to ensure a slight
overfiow at the top of the standpipes. |

Two types of readings sre made, usually starting one hour after applica-
tion of the water: 1. The outer tube standpipe (0Ts) - full measurement {17).
Valve a is kept closed, as is, of course, valve b. 2. The equal-level
measurement (18). Valve a is closed and valve b is opened, but with obstruc~

tion by the fingers at the copen end of the pipe, in such a way as to synchronize
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the drop of the water level in the OTS with that in the ITS. Eight stop
watches are started simultanecusly at the .beginning of s reading. One
watch at a time is stopped as the water level in the ITS reaches a mark on
the tube. me marks are spaced 5 cm epart aver a totel distance of 60 cm.
Elapsed time is recorded in tenths of a second. The readings over g distance
of 40 cm should yield s difference of at least & seconds between two measure=
ments; that is, between one IGI'S-:E'ull. nieasurement and the gverage value of the
preceeding and the next equal-level measurements., 1IF the time difference
is less than 6 seconds, measurement should be extended to, say, 60 cm and
readings made within the lower 1O cm interval thereof. The measurements are
repeated at regular time intervals until the ratio xt/t° eq. level becomes
constant (Bouwer, 1962). |

A constant ratio may occur after a period varying from one to four hours.
The constant ratio is supposed to indicate sufficient sgturation of the
goil below the tubes. The intervals between successive measurements should
be spproximately ten times gs long_ ag the time re'quir_ed for each separé.te
reading, or 15 minutes (Baumgart, 1967), whichever is the shorter, to allow
reestablishment of equilibrium. The two Pinal curveé obtained (fig. 2«3»‘;‘-’)
differ because of flow of water from the outer tube into the inner, during
the OTS-ful.l. measurement.

K is calculated according to the equation:
K= (R 2/3* *R) - ( H/fﬂdt)
v i f c &5

wvhere: H

H

difference in hydraulic head H between both curves at any time t.

It

Hit = surface below OTS curve (to be detexmined graphically)
Ff = flow factor, to be read from tables, expressing the influences

of the dimensions of the system and the depth D to a layer




19

U.S. Water Conservation Laboratory,
' Temg:, Arizona

=00

et

-
P
=IETR] T
e | c

0 [ 23 45 678 9 101

Re

d .

Figure 4. Graph showing Fp a3 a function of Rc/d

for two outer-tube sizes,

Fl& 2553‘b




CALCULATION SHEET FIELD DATA .
20
DOUBLE TUBE TEST Soil Typae: Moasuremsnts.
Dater Aug 5, 199 Depth hole: 55 €™ A= 'Yo.0mm
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CALCULATION SHEET DOUBLE TUBE METHOD
/ |
Measurements w 2 LWMBS )

K measurement based on_'=

0TS ~ 3.45 PM
Eq. Raws . 3?5‘&“ 3°5PM.
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_9%/{_16” s

159 __ z_.‘g o.00305
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with a much smaller or higher j;erm’ee.'bi.‘l.ity. When D is seversl
times larger than the diameter of the inner tube (Rc) a
general set of curves may be used to estimate F, (see fig. 2.3.3b).
The flow factor deviates usually only skightly from undity.

A more convenient method of célculation ﬁas suggested by Bouwer (1962)

using the ratio: 2At/t° eq. level instead of AH/J. Hatb.,

The ratiocs obtai_ned Por the final set of data ave exbrapolated to rero,
to correct for the decrease in infiltration that .occurs during the edual
level reading, due o the gradual decrease of hydraulic head. (see example
of field data sheet _and calculation). Aside from K values, 1nﬁ.?l‘tra'tiox;
rates can also be calculated from the equal level curve, considering the
inner tube as a_buffered cylinder infiltrometer. These figures were
calculated for our soils. (see data sheets sec. 3.1) The values are very
high because of the high hydraulic pressgure of at least 150 cm. These
infiltration data therefore are only eupplemntai'y. A realistic infiltrometer

would use much lower hydraulic pressures.

2.4, Measurement of saturated hydraulic conductivity with soll cores

Such measurements sre generally based on the collection of represent-
ative, "undisturbed" cores of soil from the field. This is usually carried
out by means of cylindrical core samplers, equipped with a cutting edge, and
pushed or hammer ériven into the soil. The ring containing the sample ("the
retainer") is then taken into the lasboratory, riggeé into a permeameter and
saturatéd. Meapurepent of the hydrauli.c conduetivity can be carried out
either by the constent heed or falling head technigue. Provision should be
made to prevent, .or at least minimize , boundary flow along the inner wall

of the retainer.
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Procedure:

The measurement was performed accoi‘ding to the standard procedures
described by Klute {1967) in Methods of Soil Analysis T (p. 210) with
only a few modifications.

Undisturbed soil cores, with a surface area of b cm” and a height of
9 cm were collected in cylinders with a height of 10 cm and pushed into
the s0il to 9 cm depth. These cylinders are relatively large (cylinders
of 100 cm> arve in general use in Burope) and were chosen %0 minimize
varigtion among individual ssmples. When the soil mgberial in the profile
was dry (with suctions higher than 0.5 bar) slight rewetting of the soil
material in situ before sampling was found to reduce soil disturbance
during sampling. For the same purpose the empty cylinders were Immersed
in water before sampling in order to reduce the resistance between the
50il and the wall of the cylinder when pushed info the soil. The cylinders
were pushed steadily into the soil at right angles t§ the so0il surface.
Pushing, whenever possible, was found to be preferable to hsmmering. Natural
soil surfaces on both ends of the core were obtained by breaking both
ends of the core (the upper end at about 1 cm below the edge of the
eylindrical rétainer). The cylinders were placed in a conbainer and the
water level was raised about 0.5 om fabove "the top of the core. At least
48 nours were allowed for saturation. Measurements were then made of
hydraulic conduetivity (see figure 2.4). Our apparatus had twelve units,
permit‘t_ing the measurement of twelve samples simultaneously, either in
the laboratory or in the field. A constant hydraulic head of 1 cm was
maintained on top of the sample, with the aid of an inverted burette
(Mariotte) device. (see Figure 2.%.) To avoid boundary flow along the

vertical inner waells of the cylinder during the messurement, water was
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not collected from the full bottom of the cylinder (M4 cm ) but from a
slightly smaller area (38 cm ) This was accomplished by gently pushing
a truncated beer can with sharpened edges into the bottom of the core.

In comparative experiments it was established that boundary flow in
samples from the Mandt and Charmany sites was negligiblé. Nevertheless
this device was used in all experiments to exclude ény chance of houndary

filow.

Hydraulic conductivity K was calculated according to:

X = (Q/a +t) + (I/pH)

cross sectional area of outflow (38 cme)

where Q = outflow (cms) A
= duration of meassurement L = length of the sample AH = hydraulic
head difference across sample.
Measurements were made continuously until the rate of outflow
became constant with time. Large worm and root channels caused a high
conductivity in vertical cores. The same samples were also measured

with these channels plugged by means of small rubber stoppers.

2.5. In 2itu messurement of ungaturated conductivity

2.5.1. Introduection

The infiltration of water into the soil is strongly reduced if a
surface crust develops, closing relatively large pores present in the
original =20il surface. Such a reduced valuve would represent some unsgturated
conductivity of the soil material. Under natural conditions of infiltra-
tion, exposed so0il surfaces will rarely be without a crust. Impact of
raindrops, slaking of soil fragments when weltted, and the sedimentation

of particles from the water or liquid waste, in the upper part of the




FIG. 2.5.2 1In situ measurement of unsaturated conductivity
(explanation in text).
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soil, may all contribute to the formetion of a superficial crust. This
feature will govern the rate of infiltration of liquid into the soil
material itself. Soil crusting is particularly likely to oceur in
sewage-disposal trenches. Digging of the trench in soil of rela‘hi‘vely.

high moisture content may lead to puddling of the scil at the bottom of

the trench. BSoil fragments may slake when the sewage moves into the trench.
Finally, solid particles and sludge from the sewage msy cleog the soil
surface.

The method described by Hillel and Gardnmer (1970) for measuring the
hydraulic transmission properties of a profile, as a function of water
content or suction, involves a series of infiltration trials through
capping plates {or crusts) of different hydraulic resistance. The effect
of this resistance is %o induce development of az suction at the surface
of the infiltrating column. A measurement of the uneaturated {capillary)
conductivity is obtained by allowing the process to proceed to the steady
stage, when the flux becomes equal to the conductivity. The use of a
series of plates of progressivel:} lower resistance can give progressively
higher K walues corresponding to hligher water contents, up to ssgturation.
Such a series of tests can be carried out if the soil is initially fairly
dry, elther successively in the same location or concurrently on adjacent

locations.

2.5.2. Procedure (see photographs on adjacent page)

A horizontal plare (at least 50 X 50 em) was prepared at the required
depth in the pedon, by using a putty knife and a carpenter's level. A
large cylinder, with a height of 10 cm and a diameter of 25 cm, sharpened
at the lower edge, was pushed into the horizontal soil surface to a depth

of appr. 6 ecm. The crust material was prepared and applied to the soil
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surface and spread out evenly to create a crust of uniform thickness.
Special care was given to create a close contact with the walls of the
eylinder. Crusts of this type were applied in séve:ral thicknesses.
Another type of crust having s lower r;asi.stance ; was created by erumbling
friable eoil in an even, thin layer on the horizontal surface. When water
was poured over this, slaking océurred. This formed a continuous, though
still porous crust with a concentrate in its upper surface of very Tine
particles that had been thrown into suspension by the turbulence of the
water that was poured onto the crumbled soils. Thus a continuous seal.
was Tormed.

A shallow hydraulic head of about 2.5 cn was maintained over the crust
surface by means of a Mariotte device. The rate of movement of the level
in the burette was continuously observed, in order to record the gradual
slowing of infiltration rate into the soil below the crust. After the
infiltration rate had remained virtually constant for a period of at least
k hours, it was essumed that a steady state of infiltration had been
reached, and the experiment was stbpped._ Thie infiltration rate was in
fact the unsaturated K-value at the actusl molsture content, and suction,
of the sgoil below the crust. During all measurements the cylinder wsas
covered with alumimm foil to prevent significant evaporation of the water.

After the measurement, the water was removed from the crust and the
s0il below the crust was sampled in 5 cm increments with a small tube auger.
The samples were immediately stored in air-tight moisture cans and transported
%o the laboratory, where their moisture content was determined. Separately
from this, undisturbed cylindrical field samples measuring 2.5 cm in height
and 7.5 cm in diameter were collected in cylinders from all investigated
horizons for the determination of the relatlonship between suction and moisture

content. The values were obtained by desorption of initially-satursted samples
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in a.pressure chamber to suction values of 0.0L, 0.03, 0.1, 0.3 and 1 bar.
We found that the particular procedure followed to saturate the still moist
or slightly moist field samples ._inflmanced the magnitude of the measured
values considerably. TITmmediate saturation often induced very pronocunced
swelling, particularly in the silty clay loam soils. The moisture contents,
sfter desorption to the different suc'bions s proved later to be relatively
high. However, when the samples were wetted slowly to a moisture content
corresponding to approximately 0.0l bar before full satur.ation, this swelling
process proved to be less marked.

Following the relationship a (moisture content) versus h (suction),
each moisture content below the crust could be translated into a certain
suction value. This proéedure disregarded the hysteresis effect. When g
relatively dry soil is moistened at a certain suction, the moisture content
at equilibrium is generally lower than that after desorbing the similar, but
initially saturated soil, to the same suction. The experimental conditions
of the crust test will mostly involve the wetting process. We therefore plan
to use tensiometers in the experiments of next season. 'There instrurents will
meagsure the tension below the crusts directly. The important relation beiween

K and the suction can then be determined directly in the field.

2.6. Additional analytical measurements

Bulk density of natural cores, sampled in the fie.ld, and particle
density were determined by methods described by G. R. Blske (in Black, 1965,
p. 375 and 371). Particle size distribution snalysis was done by the method
of Day (1957). Soil reaction and available plant nutrients were determined
in the State Soil Testing Laboratory of the Department of Soil Science,
University of Wiscénsin, Madison. -

2.7. Morphologicel description of soil structure and its relation to
conductivity

According %o the Soil Survey Manual (SSM) (195L) p. 225, soil structure

is defined as "the aggregation of primary soil particles, which are separated
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from adjoining aggregates b& surfaces of weskness". Vhen no peds (defined
a8 individual natural soil aggregates) can be distinguished, a soil mat-
erial is considered "structureless".

In a soil material, composed of peds, three characteristics are .noted:
the shape and the size of peds, and the grade of structure. OJbservations
are made by studying natural soil surfaces both before disturbance (in situ)
and afterward.

Shape. The classification of shapes of peds is rather gemeral in the
SSM, and new systems have been proposed (Jongeriug, 1957, Brewer, 1964)
where a much more detalied classification of shape is followed. While such
very detailed systems may f£it the needs_of specific investigations, the very
complexity of the detailed systems discourages general and uniform appli-
cation.

Size. A classification of sizes is admittently asrbitrary. The SSM
classes, however, gre sufficiently de‘tailed for general use.

Grade. The description of "grade of structure" offers special difficulties.
Grade is described in the SSM as "the degree of aggregation”, noting
essentially the difference between cohesion in peds and adhesion between peds.
A high cohesion combined with a low adhesion yields a sirong grade of
structure, whereas low cohesion and high adhesion, on the qor:l: rary, yield
a wveak grade. Detailed field description of "grade of structure" is a
rather complicated procedure imvelving.

1. Observation of a broken surface of an otherwise undisturbed soil

mase that remains in situ.

2. "Disturbance" of a volume of soil, followed by an estimation of

the amount of entire peds, broken peds and unaggregated soil

material, present after the "disturbance".
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Three grades are distinguished: wesk, moderate and strong. In section
3.5 these concepts will be critically discussed, in evaluating the data
obtalined.

Water moveﬁlent in soils occurs through pores. Types of pores,
and their. size and shape govern this phys:‘i.cia.‘l. process that results from
a gradient of the h:,rd.raulic potential., }Iydfaul.ic conductivity of a porous
body is strongly related to pore size (Childs, 1969). The amount of

flow through a cylindriecal pore with radius r is given by:

o/t = gonr’ fBn

where: t = time, g = accél.'lerat:ibn of gravity, » = density of liguid,

]

n = viscosity of the liquid and § = hydrsulic potential.
The amount of flow through a plane slit of unit length and width D is

given by:

gD
oft = I;;— grad §

Both formulae demonstrabte the strong increase of flow with increasing
pore gize. -

In a natural goil materisl planar voids occur between peds. The
pictures' in Appendix 6.1 demonstrate that more of these voids are present
in a certain soil surface when the peds are small. Sizes and shapes of
peds determine the morphology of the pores in between. The width of the
pores will vary with moisture content, as a result of swelling and shrinkage.
A qualiltative comparison between measured K values and soil morphological
features is presented in section 3.3.5. Investigations to establish more
quantitative relstionships based on the alforementioned eguations and on

morphometric data are in progress.
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Procedure: Counting macro channels_ in the natural scil profile

Since 1960, counts have been made in the Netherlands of the amount
and the sizes of vertical channels in soils. Slager (1964) summarizes
these procedures. He introduced the term, "biopore"” for thin cylindricsl
channels presumsbly formed by worms or roots. The use of the term b:i.opores
has caused some confusion, since it emphasizes genesis rather than pure
pore morphology. We therefore prefer to follow Brewer (1964), who describes
channels as "voids that are significantly larger than those which would
result from normal packing of single grains, and have a gererally
cylindrical shape. They commonly have smooth walls, reg_ular conformation
and a relatively uniform cross sectional size and shape over sj.gnificant

proportions of their length. They may be transpedal or intrapedal”.

Counting implies the following stages:

1. A horizontal soil surface is prepared at the desired depth; an
area of 100 square inch (10 X 10" or 25 X 25 cm) iz delineated
with the point of a knife.

2. The soil surface within the rectangular ares must be cleaned in
order to obtain a fresh surface in which the channels can easily
be observed. This is done with a large pocket knife; small
volumes of soil are pryed loose with an abrupt movement of the
knife. A natural surface of breakasge is thus formed. Empty
pores with a morphology in accordance with Brewer's description
are counted during this procedure, that continmues until the
whole ares has been observed. A chart, picturing the channel
sizes to be distinguished (1~2 mm = fine; 2-4 mm = medium;
> 4 mm = large) is continuously within observation during the

measurement, 80 as to ensure a constant reference.
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Each profile is thus characterized at 10 em Intervals. The figures
obtained can be plotted in a graph, picturing the occurrence of channels
at a function of depth in each profile.(see tebles in section 3.1)

The cccurrence of channels is jmportant for roots of crops that may
penetrate certain layers through these channels that would have otherwise
been unpenstrable (Bouma, 1969). Channels may stronély increase the
vertical permeability of the aoll, particularly in relatively small
samples in which the channels are continuous. The Bouwer values are
hardly influenced by the occurrence of large channels. We think this is
fortunate since at very small suctions these relatively large volds will
not contain water anymore. Thin crusts may render them useless as
conduits of water, whereas the usually smgller planar volds between
peds may still be filled with water. Another fact may prove to be
jmportant in our lster experiments. Since chanrels will mostly be
filled with air, they will Play an Important role in the aeration of the
soil. Clogging of the sort caused by anzerobic processes in septic tank

trenches can sometimes be alleviated by aeration.

Soil Structure diagrams

in the soil profile description, soil structure is characterized for
each horizon separately by noting grade, size and type of peds. Dubch
morphologists have emphasized the importance of the vertical succession
of soil structural types in a profile. The practical seil physical
consequences of the structure of any particular horizon are influenced
by the structures of adjacent horizons. The entire arrsy of struciures
of a soil profile may be reported schematically {see section 3.5).
Jongerius pioneered this approach to soll structure but did ﬁot publigh
papers on the subject. In our drawings types and sizes of peds are shown;

grades of structure are written in the code next to the drawings.
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3. RESULTS AND DISCUSSION

3.1. Tables for each pedon with soil profile descriptions and results of
measurements.

The following tableé (3.1.1 - 3.1.7) present & summary of measurements
msde at the following locations, réspe_é-bively: Charmany (Madison), Mandt
(Madison), Omro 1 (cul.ti:vated area), Omro 2 (virgin area),Arena, Platteville 1
(cultivated a.rea),. and Platteville 2 (virgin arvea). The measuremenﬁs inelude
profile horizons, bulk densities, particle densities, porosities, moisture
content, vertical chazmls,hydraulic conductivity, and infiltration values,

all for different depths within the soil profile.
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PEDON CHARMANY. | 43

General data:

Location: Dane County Wisconsin

€ode: CH

Date of description: Juiy 28, 1969 by J. Bouma and F, D. Hole
Parent material: loess {silt loam) over glacial till of Woodfordian (Cary) age
Prysiogrsphy: site is a part of a glaciali moraine '
Drainage class: well to moderately well drained

Slope: 3% SW

Erosion: some accumulation in the Ap horizon

Vegetative cover: aifalfa ,

Groundwater: not observed within depth of observation {240 cm)
Classification: Mollic Hapludalf; fine-siity, mixed, mesic

St. Charles-Batavia silt Joam, deep phase; intergrade

Pedon

Apl 0-20 ¢m Black to very dark gray (10YR 2.5/1)*, very dark gray when rubbed
(I0YR 3/1); siit iocam; essentiaily apedal, with local granular
pockets and dense clods; friable; neutral {pH 6.6); abrupt and
smooth boundary. ' '

Ap2 20=-24 cm Black (10YR 2/1), black to very dark gray when rubbed {10YR 2.5/1)};
moderate fine platy; friable; neutral (pH 6.6); abrupt and smooth
boundary. ‘ - '

AZ 24-33 em Very dark grayish brown (i0OYR 3/2}, dark grayish brown when rubbed
{10YR 4/2); silt loam; moderate medium platy; friable; slightily

_ acid {pH 6.2); gradual and smooth boundary.

B21t 33-66 cm Dark brown {7.5YR 3/3), brown to dark brown when broken and rubbed
{7.5¥R L/3); siitty clay loam; weak coarse prismatic breaking to strong
medium subangular blockyiped surfaces are smooth; root channels are
abundant inside peds but do not reach the ped surface; cutans present
but it is not determined whether or not they are argillans; slightly
firm; strongly acid (pH 5.3); gradual and smooth boundary.

B22t 66-95 cm Dark grayish brown {10YR L/2), brown to dark brown when rubbed (10YR
4/3); silty clay loam; moderate coarse prismatic breaking into
moderate medium subangular blocky; channels are bordered by grayish
brown {10YR 5/2) distinct 5 mm-thick bleached zones that occupy
about 20% of the volume of the horizon; mangans on ped faces of
prisms with clear root imprints; firm; strongly acid {pH 5.2); diffuse
and smooth boundary.

831 95-136 cm Darﬁﬂyellowish brown (10YR 4/4) inside prisms;
silty loam; strong coarse prismatic; around root channeis reduced Zones
as in B22t, light brownish gray (10YR 6/2), area 50%; mangans as in
822t; vertical faces of prisms locally with very dark gray (7.5YR
3.5/1} cutans of organic composition with root remnants; plastic

: and slightly sticky; strongly acid (pH 5.4); clear and smooth boundary.

c 136-240 cm  Dark yellowish brown {1OYR L/L), yellowish brown when rubbed
(10YR 5/4); siit Joam; apedal, except for some vertical faces of
vary coarse prisms as in 83; plastic and siightly sticky; siightly
acid (pH 6.3); abrupt and broken boundary.

1€ 240 pius Light yellowish brown (18TR 6/li) sandy loam glacisl till; massive
to weak medium platy; vertical, joints probsbly widely spaced;
calcereous.

* Moist colors




PEDON MANDT

Profile description

General data:
Dane County, Mandt Farm, College of Agriculture and Life Sciences,
University of Wisconsin

Location:

Code: Mnd . '
Date of description: August 5, 1969 by J. Bouma and F. D. Hole

Parent material:
Physiography:

Drainage

Slope: 3% to the east

Erosion:

Groundwater:
Ciassification:

Pedon:

Ap

A2

B2t

B22t

B31

[1832

an

loess (siit loam) over glacial outwash at 140 cm depth.
site is a part of a glacial moraine

class: well drained

slightly eroded, pit is situated on upper part of a field, that
slopes dowmnwards.
Yegetative cover:

not within depth of the pit
Typic Argiudoll, fine-silty, mixed, mesic.

sand substratum phase {(Waterloo silt loam)

0=25 cm

25=37 cm

37«57 cm

57-78 cm

78-108 cm

108-139 ¢m

Very dark gray (10YR 3/1)) very dark grayish brown
{IOYR 3/2) when rubbed; silt loam; essentially
apedal, more porous in lower parts, locally very
dense with angular blocky fragments, with local
pockets of granular structure; there is a concentra-

" tion of wormholes in the lower part of the horizon;

friable, tocally firm; pH 8,0 abrupt and smooth
boundary.

Very dark grayish brown (10YR 3/2), dark grayish
brown (10YR 4/2) when rubbed; silt loam; in upper

Piano silt loam,

part massive, with very few very fine channels; beiow

30 cm®, weak very fine subangular blocky and few
very fine channels; friable; pH 7.0; gradual and
wavy boundary.

Dark brown (7.5 YR 3/2), brown to dark brown (7.5YR
4/3) when rubbed silty clay loam; weak medium
prismatic breaking into moderate fine subangular
blocky; with skeletans on ped faces; slightly firm;
pH 5.5; gradual and wavy boundary.

Brown to dark brown {7.5YR 4/3), bpown (7.5YR 5/i)
when rubbed; siity clay loam; weak medium prismatic
breaking into moderate fine subanguiar blocky; with
skeletans on ped faces; slightly firm; pH 5.5
gradual and wavy boundary.

Brown to dark brown (7.5YR 4/3) on ped faces,

brown {7.5YR 5/4) when rubbed and brown {7.5YR 5/3)
when broken; siity ciay loam; moderate coarse pris-
matic; distinct argiilans on ped faces with root
orints, aiso skeletans; firm; (pH 5.5; clear and
broken boundary.

Brown to dark brown (7.5YR 5/2) on ped faces, brown
5/4) when broken and rubbed; silty clay loam and
locaily sandy; weak coarse prismatic with few

{7.5¥YR
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X Moist colors.
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sandstone fragments; siightly firm in heavier textured
parts, loose in sandy parts; pH 6.0; clear and
broken boundary.

Alternating dark reddish brown (5YR 3/2) bands and
strong brown (7.5YR 5/6) layers of sand; the bands
are massive and brittle; the sand is single grain
and loose. '
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PEDON OMRO |

Profile description

General data:

Location: Winnebage Co. Wisconsin: SWZ, SEL, Sec 6, TI8N, RILE.

Code: OMROI.

Date of description: Sept. 13 by J. Bouma

Parent material: deep calcareous lacustrine heavy clay sediments stratified
and alternating with thin tayers of silty clay.

Physiography: the area is level, the actual surface is a former lake bed

Drainage class: well drained.

Slope: 0%

Erosion: no evidence.

Vegetative cover: Aifalfa, 20 c¢m high, to be plowed under as second crop

after oats.

Groundwater: not observed within 8 feet.

Classification: Typic Eutrochrept, very fine, mixed, mesic. Oshkosh=like
clay; intergrading toward Winneconne with respect to the
dark Ap

Pedon OMRC |

Ap 0-20 cm Black (10YR 2/1), dark gray (10YR 4/1) when dry;
clay; apedal, angular fragments separated by
vertical cracks extending into the subsoil,
locally some pockets with granular structure,

- fragments of the B horizon occur here, moved up=
wards by plowing; slightly firm, iocally friable;
pH 6.9; broken and abrupt boundary.

Bl 20-35 cm Reddish brown (SYR 4/3), idem {5YR 5/3} when dry;
_ clay; strong very coarse prismatic {moderate fine
platy in upper part); on vertical prism faces:
thick { 2mm) cutans composed of topsoil material,
with a granular, or very fine blocky structure;
very plastic, sticky; pH 7.0; graduai and smooth
boundary.

B21 35-58 cm Reddish brown {5YR 4/3), light reddish brown {5VR
6/3) when dry; siity clay; strong very coarse '
prismatic, vertical faces with cutans as in B1,
moderate medium prismatic breaking to strong fine
angular blocky; shiny ped faces with root prints
and thin continuous dark reddish gray (5YR 4/2)
cutans; very plastic and sticky; pH 7.2; gradual
and smooth boundary.

822 58-80 cm Reddish brown {S5YR 4/3}, light reddish brown {5YR 6/4)
when dry; silty clavysilty clay loam; moderate coarse
prismatic breaking into strong medium anguiar biocky
in upper part; continuous reddish gray {5YR 5/2}
cutans on vertical prism faces; thin inclined layers
of silty material occur in this and deeper horizons;
firm; visible reaction with 2N HC1; pH 7.7; gradual
and smooth boundary.



B3

ci

¢z

80-110 cm
110-135 ¢cm
135+

W7

Reddish brown (5YR 4/4), 1ight reddish brown (5YR
6/3) when dry; silty clay loam; strong coarse
prismatic; cutans as B22t; few fine ciear concen-
trations of lime in light red {2.5YR 6/6) nodules
with diffuse boundary, and neocalcitans in the
lower part of the horizon; firm; violent reaction
with 2N HCl; pH7.6; gradual and irregular boundary.

Reddish brown in 60% {(2.5YR L/4), idem (5YR 4/4)

in 60%; silty clay; massive, few vertical prism

faces extend in this horizon; many 1ime concentrations
as in B3; friable; pH 7.9; gradual and smooth
boundary.

Stratified sandy (2.5YR 4/4) and clayey {5YR 4/4)
layers, the latter with many light red highly cal=-
careous nodules (2.5YR 6/6).
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PEOON OMRO 11

Profiie description

General data: This site is about 300 feet from OMRO i on the other side
. of a fence separating cultivated land and a virgin woodlot=
prairie where this pedon is found. General data as OMRO |
excent for:
Vegetative cover: abundantiy growing grasses and herbs cover the soil
surface completely; locally rotting tree stemps {Quercus sp.)
are found, left after cutting the trees about ten years ago.
The soil was never plowed. '
Classification: Typic Eutrochrept, very fine, mixed, mesic. Oshkosh-like clay,
intergrading toward Winneconne with respect to the dark Ap.

Pedon OMRO 11i:
01 1=0 cm Very fine brown roots and some rotten branches

Al 0-21 cm Black (7.5YR 2/1); ctay; strong fine granular and
moderate fine subangular blocky; locaily rotten
branches from trees; very friable; pH 7.2; gradual
and smooth boundary.

A2 21-24 cm Brown to dark brown (7.5YR 4/2); clay; moderate very
fine subangular blocky; plastic, slightly sticky;
pH 7.1; gradual and smooth boundary.

Bl 2440 cm Dark reddish brown {5YR 3/6); clay; strong very fine
angular blocky; plastic and slightly sticky; pH 7.4;
gradual and smooth boundary.

B2} 40-55 cm Dark reddish brown (5YR 3/4}; clay; inclined gray
{2.5Y 6/1) bands of silty material do occur in
this horizon and below; weak medium prismatic
breaking into strong fine angular blocky; plastic,
very sticky; pH 7.4; gradual and smooth boundary.

B22 55-70 cm Reddish brown (5YR 4/4); silty clay loam; moderate
medium prismatic, breaking into strong medium
angular blocky; thin reddish gray (5YR 5/2) cutans
on ped faces, with very fine root prints; visible
reaction with 2N HC} at appr. 65 cm depth;pH 7.0
plastic, sticky; gradual and smooth boundary.

B3 70=90 cm Yellowish red {(5YR 4/6); silty clay loam; moderate
medium prismatic in upper part; with common fine
clear concentrations of lime in light red (2.5YR 6/6)
nodules with diffuse boundary, and neocalcitans;
plastic, sticky; violent reaction with 2N HC1; pH 7.7;
gradual and smooth boundary.

c 90+ , Reddish brown {5YR 4/4)} in 60% of volume, jdem {2.5YR
4/L} in 40%; silty ciay loam; massive; many lime
concentrations as in B3; piastic, slightly sticky;

pH 7&8:
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PEDON ARENA

Profile description

General data: '

Location: 1lowa County, Wisconsin NEZ, SEZ, Sec 16, T8N, R5E.

Code: Arena

Date of description: October 3, 1969 by J. Bouma

Parent material: windbiown sandy sediments near the Wisconsin River

Physiography: the area is a very gently undulating or nearly level

sandy plain.

Drainage class: excessively drained

Slope: 0%

Erosion: no evidence, it was observed that wind erosion may be pronounced

on bare soitl. '

Vegetative cover: the site is located in a 24 feet wide area along the
raiiroad track, occupied by abandoned land with wiid
grasses. A part of this area, a strip 9 feet wide
along the fence of the adjacent field, was plowed so
as to reduce the risk of fire damage to agricultural crops

: on the land next to the strip.

Classification: Entic (psammentic) Hapludolil; sandy, mixed mesic.

Sparta loamy sand intergrading toward Dakots fine sandy loam.

Pedon ARENA

Ap 0-25 cm Very dark brown (7.5YR 2/2), brown to dark brown
{7.5YR 4/2) when dry; Joamy sand; apedal with many
very fine (smalier than 1 mm) root channels per cm
{estimated at appr: 5); friable; pH ; clear and
smooth, locally broken boundary.

B21 25-48 cm Dark brown (7.5YR 3/3), brown to dark brown (I0YR
4/3) when dry , loamy sand, apgdal, with appr. 3
very fine root channels per cm™; friable, locally
slightly brittle; pH ; diffuse and smooth boundary.

B22 48-73 cm Dark brown (7.5YR 3/3), brown when moist {10YR
5/3): loamy fine sand, apedal with few {(appr. 2)
very fine root channels; friable, locally slightly
brittle; pH ; clear and irreguiar boundary.

B3 73-96 cm Brown to dark brown (7.5YR 4/4), light yellowish
brown when dry (10YR 6/h); fine sand; single grain;
loose; pH ; gradual and diffuse boundary.

c 96+ Dark yellowish brown {10YR L4/k}; sand; single grain;
loose; pH

N.B. Soil structure can only adequately be described in micromorphoiogical
terms, noting the size shape and arrangement of the primary particles in
thin sections. Following this, the top herizons would probabiy have an’
intertextic, and the lower horizons a granular basic fabric.
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PEDON PLATTEVILLE §

Profile description

General data:

Location: Grant County, Wisconsin; NEL, NEZ, Sec 1, T2N, RIE.

Code: PLA-I ' .

Date of description: October 29, 1969 by J. Bouma.

Parent material: loess (silt loam) to a depth of 8 feet. :

Physiography: the area is gently unduiating; as determined by a ?oess cover

over weathered residual limestone.

Drainage class: well drained

Slope: 2%E
Erosion: slight erosion in the topsoil estimated to amount to a loss
of about 10 cm., as compared with the adjacent virgin site without
erosion. : _

Vegetative cover: soil was bare at moment of description after harvest of

corn about six weeks previsously.
Groundwater: not observed within depth of observation (240 cm}
Classification: Typic Argiudoll, fine-silty, mixed, mesic. Tama silt leam.

Pedon PLA 1

Ap 0-20 cm Very dark gray (10YR 3%y, grayish brown (i0YR 5/2}
when dry, silty clay loam; apedal; locally angular
fragments and granular pockets around crop residues;
locally hard, dominantly friable; pH 6.4; abrupt
and smooth boundary.

A2 20-40 cm Dark brown {10YR 3/3), brown (10YR 5/3) when dry;
silty clay loam; locally weak moderate platy in
upper part, moderate very fine subanguiar blocky;
slightly firm; pH 5.5; graduai and smooth boundary.

B1 L40-50 cm Brown to dark brown {7.5YR 4/k), brown when dry (7.5YR
5/4); silty clay loam; weak fine prismatic breaking
into moderate fine subangular biocky; discontinuous
skeletans on ped faces; slightly firm; pH 5.0;
gradual and smooth boundary.

B2t 50-80 cm Brown to dark brown (7.5YR 4/4) cutans on ped faces
brown (7.5YR 5/4) when rubbed and 1ight yellowish
brown (10YR 6/4) when dry; silty clay loam; moderate
medium prismatic breaking into strong fine subangular
blocky; prominent, jocally continuous skeletans on
ped faces; friable; pH 5.2; gradual and smooth boundary.

831 80~110 cm Yellowish brown (10YR 5/4) inside peds, very pale
brown {10YR 7/3) cutans on ped faces, light yellowish
brown {10YR 6/k) when rubbed; silty clay loam; strong
coarse prismatic, in upper part breaking into moderate
medium subangular blacky structurejcontinuous
skeletans on prism? with jocal concentrations of
clean skeleton grains, slightly firm; pH 5.5; few
faint medium yellowish red (5YR 5/6) iron motties;
around some root channels light brownish gray
(10YR 6/2)bleached areas; gradual and smooth boundary.
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B32 110-130 cm Yellowish brown {10YR 5/k) inside prisms, dark
yellowish brown cutans on ped faces (10YR L/4);
silty clay loam; strong very coarse prismatic; tocal
discontinuous skeletans on ped faces; slightly
firm; pH 5.8, diffuse and smooth boundary.

¢ 130+ Yellowish brown {10YR 5/4); silty clay loam; apedal
with many very fine root channels (smaller than
1 mm)}; some vertical faces of very coarse piisms
extend into the C horizon; slightily firm.

¥ golors are moist, unless otherwise stated.
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PEDON PLATTEVILLE {1

Profile descrigtion

General data: This site is about 25 feet from PLA-! on the other side of
a fence, separating cultivated land and the virgin prairie
where this pedon is found. General data as for PLA |,
except for:

Slope: 0%, No observable erosion, due to the dense vegetative cover.

Vegetative cover: Agropyron repens; Poa pratensis, Asclepias sp, Solidago

sp. and Salsola sp.

Classification: Typic(Vermic)Argiudoll, fine-silty, mixed, mesic

Pedon PLA 1!

02 0-0 cm Very fine brown roots, and some very fine granules
composed of an intimate mixture of organic and mineral
particles.

Al 0-30 cm Very dark brown (10YR 2/2), dark gray (10YR 4/1)
when dry; siity clay loam; moderate very fine sub-
angular bliocky and strong fine granular, in lower
10 cm? weak fine platy; friable; pH 5.3; abrupt
and smooth boundary.

A2 30-45 cm Very dark grayish brown (iOYR 3/2), brown when
dry {10YR 5/3); silty clay loam; strong fine sub-
angular blocky and strong fine granuilar; few,
discontinuous skeletans on ped faces; friable;
pH 5.0; gradual and smooth boundary.

Bl 4555 cm Brown to dark brown (7.5YR 4&/3) rubbed and broken,
brown {7.5YR 5/3) when dry; silty clay loam; weak
very fine prismatic breaking to strong fine subangular
blocky, granuiar pockets in pedotubules as in AZ;
skeletans as 1n A2; friable; pH 4.8; gradual and
smooth boundary.

B2t 55-90 cm Dark brown cutans on ped faces (7.5YR 3/3}, brown to
dark brown {7.5YR 4/3) when rubbed, brown (7.5YR
5/4) when dry; silty clay loam; moderate fine
prismatic breaking into moderate fine subangular
blocky, locally pockets (pedotubules)with granular
structure; discontinuous thin skeietans locaily on
ped faces; friable; pH 5.0; gradual and smooth boundary.

831 90~115 cm Brown to dark brown cutans on ped faces (7.5YR 4/3),
brown {7.5YR 5/4) when rubbed; silty clay loam;
moderate medium prismatic breaking into moderate
medium subangular blocky; pedotubules and skeletans
as B2t; friable; pH 5.6; gradual and smooth boundary.
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1iC

115=140 cm

140+

190 cort

23

Brown cutans on vertical prism faces

(7.5YR 5/4),yel lowish brown inside peds (10YR
5/L); silty clay loam; strong coarse prismatic;
discontinuous skeletans on ped faces, locally in
smail concentrations; slightly firm; pH 5.6;
gradual and smooth boundary.

Yellowish brown (10YR 5/4) silt loam; apedal, with
many very fine root channels {smaller than | mm);
some vertical faces of very coarse prisms extend
into the C horizon; slightly firm; pH 5.4,

Yellowish red {5YR 4/6) silt loam,non calcareous
residual weathered material from.residual 1ime-
stone.



Pedon PLA T

gramulometric composition Fertility characteristice
P K Ca Mg org. matter

Horizon| <oy 2-200 20=501 50=100 L100-250u 250~50011 500-1000t 1-2mm{ pH 1bs/A Ibs/A 1bs/A 1bs/A %
Ap 3l.1 60.0 6.4 1.9 0.3 0.2 0.1 ——— 6.4 66 160 3200 1000 3.8
A2 27.5 k2.5 28.2 1.3 0.2 0.2 - e 5.5 15 160 3000 970 1.7
BL 32.5 37.5 27.6 2.1 0.2 0.1 S - |5.0 12 195 3800 1150 1.1
B2 32.5 35.0 29.5 2,9 0.1 o e e 5.2 20 225 k200 1220 0.6
B31 31.2 36.0 30.k 2.1 0,1 e - —— 5.5 67 240 k100 1220 0.5
B32 27.5 k0.0 31.3 1.2 oo - - o 5.8 T4 225 3600 1100 0.5
Pedon PLA IX
Hoxizon
Al 28.9 k0.0 28.3 1.7 0.k 0.k 0.2 Q- 5.3 20 165 2800 590 2
A2 31.1 40,0 25.9 2.6 0.2 0.2 ——— -e= | 5.0 24 165 2400 650 1.8
BL 33.3 40.0 2k.5 1.8 0.2 0.2 . eme 1 1.8 13 185 2800 870 L.k
B 33.7 36.3 27.7 2.1 0.1 0.1 - Ceee 5.0 15 210 3600 1100 1.0
B3L 30,0 k0.0 27.5 2.5 000 000 000 000 5.6 62 210 3900 1250 0.6
B32 32.5 37.5 27.T 2.2 0.1 - o - 5.6 75 2h5 4600 1520 0.6
¢ 25,0 h2.5 31L.% 1.0 0.1 o e . === |5k 65 210 3600 12k0 0.3
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Pedon OMRO I

gramlometric composi'tion Fertility characteristices
P K Ca Mg org. matter

Horizon| <2 2-20 20-50u 50=100u 100-250u 250-500u 500-10004 1-2mm} pH  1bs/A 1bs/A Ibs/A 1bs/A %
Ap 7Ll.1 25.9 0.k 1.0 0.9 0.7 0.1 - 6.9 15 225 9600 5600 7.6
B1 TL.1 26k 0.4 1.0 0.8 0.7 0.1 - 7.0 10 190 6600 2500 1.3
B21 Lo 50.0 3.b 2,8 2.k 1.3 0.1 - T.2 8 270 5300 2000 . 0.8
B22 38.7 53.8 k4.6 1.k 1.0 0.4 e wee V7.7 8 235 4100 1650 0.8
B3 36.2 57.5 U.h 1.1 0.5 0.2 ———— — 7.6 9 2hs Woo  17ho 0.8
CL - k2,5 53.7 2.8 0.5 0.3 0.1 e o 7.9 7 200  T200 1250 0.6
e . 37.5 58.5 3.0 0.5 0.5 0.7 0.3 ——
Pedon OMRO II
Hoxrlzon .
Al 57.8 28.9 12,1 0.6 0.6 0.6 e mew | 7.2 13 220 1k8o0 kOO 9.3
AE 68&9 21".}4' 519 092 0.2 002 O.l kel 7.1 10 175 12800 3""1!'0 200
B2l 75.0 22.5 0.8 0.5 Ok 0.3 —— - T 8 175 7800 2880 1.2
B2 30.0 52.5 11.0 3.2 2.0 1.0 0.1 - 7.5 7 200 4300 1680 0.8
B3 27.5 65.0 k.8 1.2 0.9 0.5 e ame 7.7 6 220 3800 1600 0.8
c 27.5 67«:5 2el loo loo 0.6 0.3 o o 708 6 185 ?200 1320 0.6
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Pedon Charmany

granilometric composition Fertility characteristics
fine - med. coarse  coarbe P - K Ca Mg  org. matter

Horizon| <2 2-201 20-500 50«100p 100-2501 250-5001 500-1000 1-2mm| pH 1bs/A 1bs/A 1bs/A lbs/A

Ap 15.0 52.5 28.5 2.0 1.1 C.7 0.2 - 6.3 90 135 3600 1020 3.2
A2 20.0 52.5 25.2 1.3 0.5 0.k 0.1 -—- 5.9 65 140 2500 660 1.3
Bolt 27.5 45.0 25.9 1.3 c.2 0.1 - ——— 5.1 45 215 3400 900 1.0
B2zt 32.5 0.0  25.9 1.3 0.2 0.1 - —— 5.0 77 270 ¥100 1300 1.1
B31 30.1 k2.5 25,4 1.6 0.3 0.1 —-- e 5.7 115 280 4600 1400 1.0
c 27.5 k5.0 2k.5 1.k .10 0.5 0.1 - 5.1 72 250 3400 1280 0.7
Pedon Mandt

Ap | 20.0 k5.0 23.1 2.8 L7 k.o 0.5 ——— 6.5 140 200 3600 1090 3.0
A2 25.0 7.5 25.3 1.6 0.3 0.2 - e 5.7 U3 180 2900 900 1.5
B2lt 30.0 k2.5 26.1 1.1 0.2 0.1 - ——— 5.2 120 250 4100 1160 0.4
B22t 30.0 2.5 25.7 1.3 0.3 0.2 —— ——— 5.1 110 260 ¥200 1300 1.0
B31 30.0 k2.5 2h.3 1.3 1.0 0.8 0.1 ~—— 5.1 115 275 Yoo 1270 0.9
11832 | 20.0 30.0 20.8 3.7 14,4 10.4 0.7 --- 5.4 98 250 3500 10k0 0.7
Pedon Arens

Ap 13.3 2.2 2.4 12.1 43.9 2ls.9 1.0 0.1 6.1 41 100 1800 450 1.8
B2l 5.0 7.5 1.8 1.7 h6.bh 26.6 0.9 ——— 6.1 60 60 600 140 1.6
B22 5.0 5.0 3.4 T.T 50.2 13.2 0.5 - 5.8 75 60 200 10 1.1
B3 2.5 === 2.9 15.8 62.6 16.0 0.2 e 5.9 105 45 200 20 0.4
c 2.5 === e 2.5 iy 7 50.7 0.8 ——— 5.9 75 35 150 20 0.2

g5
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3.2. The State Percolation Tesgt

3.2.1. Some notes about our tests.

1. Our holes were cylindricsl with a diameter of 10 inches; prepared with

a post hole digger.

2. We used a hole cleaner of the type that is used with the Bouwer test, to
prepare the required "natural soil surface” at the bottom of the hole. It

is doubtful to what extent "scratching with a sharp pointed instrument” will
help to expose such an imterface, particularly in moist or wet soils.

3. In 311 tests much soil material from the walls of the pit sloughed onto
the gravel as a fluid mud. This mud was removed as well as pessible, but
apparently a considerable amount of this puddled soll miaterial remaired on
and in the gravel. Use of a stovepipe to be pushed slightly into the surface
of the gravel (Mokma, 1967) was not very helpful in avoiding sloughing of
soil from the sides of the hole. Water poured into the stovepipe moved
through the gravel turbulently up into the hble cutside the pipe, causing
severe sloughing of the walls. The surface of the gravel within the stovepipe
remained cleasn, however. We used stovepipes in making all our measurements,
except in shallow holes in some AP horiéons. The level of the water in the
hole or in the stovepipe was measured with a stick bearing a scale in inches,
each inch being divided in eight parts. A fixed reference level wag established

at each test hole.

3.2.2. Discussion of resulis

Only the tests performed at 80 cm or deeper are reported in graphs
because these depthe are of particular importance in planning septic tank
ingtallations. Results from other tests at 20 am and 50 em in some pedons
are reported in terms of the final infiltration rates after four hours of

measurement.  Thesge values, including the final infiltration rates of the
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80 em level, will be discuésed in camparison to the Bouwer test values in

Chapter 3.3.1.

The attached graphs (Figures 3.2.1 - 3.2.%) show the pattern of infiltra-
tion during the test. The starting point of each line represents a level

of approximately 6 inches above the gravel. The slope of this line is

determined by the Pall of the water surface versus time.

Four different types of curves are given (see Figures 3.2.1 - 3.2.4):

TYPE A The individual lines {or the single line: Charmany 120 cm, no..é)
are straight, and all have the same slope (for example: Arena 80 cm
(in table section 3.1), Pla. IT 80 cm).

TYPE B The individual lines are straight, but their slope differs: the
infiltration rate decreases with time (for example: Charmany
120 om., nos. 1 and 2; Omro I 80 em, silty variant).

TYPE C The individual lines (or the single line: Omro I 80 om, clay variant)
are curved. Each individual curve has the same range of slopes as
the next or previous one (for exemple: Mandt 80 cm, Pla. I 80 em).
Infiltration decressed contimuously in time with decreasing hydraulic
head. |

TYFE D Same ag C, but the individusl lines have eacﬂ a different range of
slope: the decrease in infiltration is proportionally greater
during the later stages of a measurement. (for example: Mandt 80 ecm;
no. 3, Omro T 80 em, silty clay).

The final infiltration rate is calculated (see State Board of Health,

1969) from:

1. The rate of fall in the last 10 minutes of = one-hour measurement.

The measurement is done without previbus soaking after percolation of 12"_

of water in less than 10 minutes (sandy soils: see Arena test).



2. The rate of fall in the last 10 minutes of a one-hour measuremens.
Fercolation of the first 6" of water, after soaking 16-30 hours, occurs
within 30 minutes (Fla. IT 80 em).

3. The rate of fall in the last 30 .m_inutes of a four-hour measurement.
Percolation of the Pirst 6" of water, 16 to 30 hours after sosking, takes
more than 30 minutes. " Adjustment of the water level shall not be made during
the last three measurement periods except to the limits of the last measured
water level drop".

Type A does not offer problems; the infiltration rate is constant and
does not vary with time. For Fla. 1T (80 cm) we measured for four hours,
although one hour would have been sufficient according to the law. The rate
remained constant, however, during the next three hours, proving the validity
of the resulis. Iy-pe B shows a decrease in infiltration rate with time,
possibly resulting from swelling or slaking of the goil materiasl. Apparently
there is no effect of the decrease of hydraulic head since each curve, as
guch, is a straight line.

Types C and D show a strong effect of the magnitude of the hydraulic
head: infiltration decreased markedly when the water level in the hole
dropped. |

Curves of type C show no difference between individual curves during
the four-hour measurement as far as slope is concerned, so here the effect
of the decreasing hydraulic head 1s consistent with time. Curves of type D
show, except for the effect of decreasing hydraulic head, a further decrease
of infiltration with time, probably agein due to swelling and slsking.
Becguse of the strong effect of the hydraulic head, a provision was made in
the law to avoid complete filling of the hole in the last 13 hours of a

measurement under these circumstances (see point 3 above). This procedure
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seems unnecessarily complicated and it would be simpler to follow a proceduie
in which a constant hydraﬁl.ic head is maintained over the gravel., Infiliration
could be meassured at regular intervals until constant for a period of, ssay,
at least 2 hours. We will try to apply such a procedure durin_g our measure-~
ments in spring. One other major advantage is introduced when this is done:
a consistent infiltration rate is used as s criterium, rather than the
infiltration rate after a fixed period. The measurement then becomes less
arbitrary. In many cases a constant infiltration rate will not have been
reached yet after 3% hours, in others it may have been reached after an
hour. However, infiltration rate tests still depend on boundary and initial
soil conditions and do not measure an intrinsic soil physical property.

The test is based on the use of tap water and a natural (umpuddled)
goil surface. Critics point out that such a test can never provide a good
egtimate for the potentisl of a soil to sgbsorb liquid sewage, since clogging
of the soil will very likely seal the surface of infiltration (Mc Gauhey,
P. H, and J. H. Winneberger, 1963). The same critic¢ism can of course be
given for the Bouwer test and ‘the tests on soil cores. These, however, are
much better defined in physical terms and can be used as a rellable reference
and estimate of the potential soll permeability. The clogging problem requires

special study.




3.3. The Bouwer test
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3.3.1. Comparison the Bouwer test values with those of the State Percolation

Test.

The infiltration rates measured with the State Percolation Test were

always higher than the K values measured with the Bouwer tubes (see table

3.3.1.)

TABLE 3.3.1

COMPARISON OF BOUWER K VALUES AND STATE PERCOLATION TEST VALUES,
for all measured horizons (in cm/dey)

Date Profile Horizon  Bouwer-K  State Perc. Test (SPD) Ratio
(en/day) (em/day) SPI/K
July'69 Charmany Ap (20} 16 360,195,555, 360,240,240
(silt loam) 6 Av: 10 Av: 325. 32
(July*69) B2 {60)  33,76,57,43 255,240,180,135,205,%0
% Av: 52 Av: 184 L
B3 (120) 22,30 145,35,270,90,60,36
Av: 26 Av: 106 L
Lug'69 Mandt Ap (20) 6,12 370,1275,720,240,450,625
{si1t loam Av: 10 Av: 610 61
(Augt69) B2 {50) 32,13 214,128,315,128,128,128 -
% Av: 25 Av: 17h T
B3 (80) 12,2 130,102,88,124,102,147
Av: T Av: 115 16
Sept'69 Omro I Ap (20) 0,10 15,30,15,30,45,90 Av: 37 T
(clay; B (50) 2,9 45,30,75,45,135,102
cultivated) Av: 6 Av: T2 12
(Sept'69) B3 (80) 5 15,15,90,90,135,240 3up
Sept'69 Arena *B3 (80) keo® 190°  1650% 2025 4
(loamy sand)
0ct'69 Pia T *B3 (80) 25,17 Av: 20 75,120 Av: ©5 5
(8ilt loam;
cultivated)
Oct'69  Pla IT *133 (80) 50,105,Av: 75 600,520 Av: 560 T
(11t loam;
virgin)

!

THESE VALUES WERE DISCUSSED IN SEC. 3.2

NATURAL SITE.
X

COMPACTED STTE NEAR RATLROAD,
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Differences were particularly large in the Ap horizons of the Mandt and
Charmany sites, where the soil was strongly compacted (sec. 3.1 and Appendix
6.1). Worm-channels apparently caused high infilitration rates for the State
Test Measurements. Bouwer~K measurements, however, were not strongly
influenced by the occurrence of these channels since they did not connset
the soil surfaces of the immer and outer tubes of the Bouwer system {sec. 3.3.5).
when such channels are open to the infiltration surface, the Bouwer method
clearly undsrestimates the infiltration capacity of the soil. The State test,
however, is normally used at depths below 2 feet, in well structured B2 and
B3 horizons. Confining gttention to these depths, it is found thet the State
Test values are still a factor 4 to 16 higher than those of the Bouwer test at
the same depth. The initial moisture éonten'b of the soils was low before thess
measurements, that were made in summer and early autumn (sec. 3.1). The
initially dry profile can be expected to absorb water from the test holesg at

a rate higher than the hydraulic conduc‘bivit& , owing to the suction gradients
present even after the regquired sogking period. Since the Bouwer-K values are
derived from a limited saburated volume of scil only, we expect that these
values more nearly represent expectable séepa.ge rates, particularly during perilods
when the surrounding soil has a high moisture content, as in early spring. There-
fore, measurements at all sites will be repeated in the coming spring, to invest-
igate the relsgtive seasonal vaiiations of both methods. A good methoed should
yield a value that is representative for all seasons.

In profile Omro I (80 cm) a different phencmencn was evident. Here, inclined
silty layers are present that influence infiltration through sideways seepage
from the State Test holes. Such layers do not influence the Bouwer test to
the same degree. With no silt layers bordering the holes, a low infiltrstion
rate was found., This example iilustrates the necessity to study the nabursl

profile before tesgbing.
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3.3.2 Comparigon with permeability values from undisturbed cores.

This comparison is rather difficult, since measurements on cores depend
on methods of sampling and of presaturation. Moreover » the special heterogenity
of the soil matrix itself leads to high variability between relgtively small
individual core samples.

In the Bouwer test, movément from the outer to the inner tube involves
vertical and horizomtal components, hence its results can be expected to
depend on the directions of sodl voids, as well as their numbers and sizes.

In some cages the Bouwer test yieided results 8imilar to those of the
undisturbed core tests, as for example, in Charmany a_a't 120 em. The Douwer
K was approximately 25 cm/day and the same value was measured in a vertical
core, containing a l.arge vertical crack. The internal conductivity of the
prism itself, both horizontally and vertically, was only about Bmm/day.

In some cases horizomtal conductivity seems to be the factor that governs
the measured Bouwer-K. This seems to have been the case in the Mandt site,
for example, where vertical ped faces were only moderately developed. Vertical
saturated conductivity in cores is sometimes particularly high because of
the occurrence of vertical worm and root channels (e.g., 70O c.m/day in the
182 and 133 horizons at the Mandt and Charmany gites). Flugging the chamels
greatly reduces these values. As mentioned before, vertical channels influence
thHe Bouwer-K value to a much lesser degree.

Cracks and tubular pores in a soil profile gernersally become constricted at
greater depths, or just end, like a worm hole. When a measurement is made in
situ, flow through some of the larger volds may be limited by the narrower
passages below, whereas the same voids would pierce small core samples and

could result in inordinately high conductivity values (see Pigure 2.h).
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A comparison between the Bouwer-K values and the conductivites measured
on cores, as they are given in the tables, shows that both values are of the
same order of megnitude. Similar gerersl agreement between the two types of
measurements was reported by Bouwer (1962) and by Baumgart (1967), working with
different soils in Germany. Baumgart (1967) reports that for low conductivities
the agreement was reached only when the air from undisturbed cores was first
removed in a vacuum. The varigbility in our experimente was less than in his
study, since we used the larger Bouwer tube (25 cm, versus 20 cm diameter) and

also considerably larger undisturbed cores (1 em> versus 100 em3).

3.3.3 The €ffect of long dursgbtion tests on the measured K value. A Bouwer
test normally takes two to four hours. The question arises vwhether this pericd
is adequate for unsaturated soil to swell to its full caepacity. VWhen thé so0ll
to be tested is dry, as it usually is in summer, it is rather improvable that
complete swelling can ceeur within fowr hours: BSo cracks may not close as
completely as they would after a prplonged. pericd of saturation, and measured
conductivity will probebly be higher than when measured in the same soil in
spring. Wert (1969) reported a decline in both infiltration rate and K value
with time. Bouwer reports (in an unpublished report: SWC b-gGl) long
durgtion tests on an Adelentaz loam, with pronounced soil structure, in
Phoenix, Arizona. Three Double tube installations were tested simultanesously
in three trials at a total of nine locgtions. The depth of the auger holes
varied from 76 to 186 em. 'The duration of the total test periods ranged from
2 to T days with X measurements taken several times daily. In gereral, con-
sistent X values were obtained after U hours. To evaluate this efPect under
the loecal conditions of Wisconsin, a long duration experiment was conducted at

the Charmany farm, using the city waler supply.
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Depth of hole: 52 cm, Duration of experiment: 46 hours.

Time after start Batio 2pt/t° eq. lev. K Inf. rate

of experiment extrapol. to H=0 ~ (through inner tube)
3 hours 0.8 x 1073 36 cmfday 4000 em/day

o0 ™ 0.7 x 1073 3 " oo "

26 " 0.7 x 1073 3 " 3200 "

¥ ™ - 0.6 x 1073 28 " 3100 "

In view of the variability occuring in the natural soil, and of the
limitations of accuracy of the measurement itself, this is considered to indicate
the consistency of the measured X value in a period of time {2 days) that is
often considered to be necessary for complete swelling {compare the State Test
precedure in which time allowed for soil swelling is 16 to 30 hours).

The guestion remains: VWhat would the conductivity have been after, say,
three or more days. But this is unimportant, because it is hard to visualize
a sltuation in the context of our experiments in vhich infiltration would
contimiously occur at a consbant hydraulic pressure .of 150 om, .or more. The
Bouwer method uses high pressures to create conditions In a ghort period of
time that will résemble those of a satursted soil. We will investigate cur
pedons again ix; eai‘ly spring when natural swelling will have had its maximal

effect on void patterns in the soil.

3.3.4 Effect of temperature of the water.

The viscosity of water changes with temperature, therefore hydraulic conductivity
is higher at higher temperatures. Klute (in methods of soil analysis p. 219)

glves the following correction formula:

Ry, =, (/)
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in which X and N are the conductivity and viscosity respectively. The sub-
scripts T and ST denote the temp. of measurement and the standard temperature
respectively. The relation between temperature (in %C) and viscosity (in

centipoise) or water is:

o®c 1.787

5%¢ 1.519
10°%¢c | 1.307
15°% - 1.139

20°¢ 1.002

25°C  0.8%0

30%¢c " 0.79T (from Handbook of Chemistry

and Physics).

Our lowest temperature was about 10°C (October, at the Flatteville site),
highest temperature asbout 20°C, and average sbout 15°C. (Wote: Water
temperature should be measured when the outer tube is being £illed, rather then
later in the smaller volume of the standpipes vwhere temperatures rise notsbly
and are not representative of the water flowing from tank to ouber tube and then
into the soil). With water at 10°¢C the K values should be maltiplied by a factor
of 1.14 when 15°C is taken as a reference level. When water of 20°C is used,
the factor is 0.88. 'The values listed in this report were not corrected for
tempei-ature, gince these corrections would be much smaller than the usual varis-~
tion between replicate mesgurements. Moreover, the approximations involved in
the calculation of X also introduce s range of uncertainty. When the variation
of temperature exceeds the 310-—2000 range, however, corrections become necessary.

The temperature of the water should therefore be weasured.

3.3.5 Relation between soil fabric and K values (see pictures Appendix 5.1)

The rate of water movement through a soil material saturated with water

will depend mainly on the occurrence of larger voids. (see section 2.T7)
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Relatively high values for K are measured when flow from the outer to
the inner tube is rela‘_cive‘ly easy. Figure 3.3.5 shows a granulai' and fine
subangular blocky strﬁcture s found for example in A, of Pla IT (K = 160 em/day).
Contimuous pores remain between the small rounded peds even’ a.ftei' complete
swelling of the soil material. Cont:iasting.with this are topsoil structures in

cultivé,ted gites (ApChamany, K=10 cm/day; Manmdt, K= 9 cm/day; Pla T,

K = 16 em/day). This type of structure consists of, dense clods with irregular
cracks of a pattern different from that of the natural soil (Pla II). 1In Ap
horizons there are usually fewer large volds connecting between the inner and
outer tubes and thus the .K is lower. The structure in 'l',he.ZB2 horizon is

prismatic, bresking into blocky peds. Thus planar voids, capable of conducting

wa:l:er, are present along many ped faces between the inner and outer tubes.

Therefore, conductivity in these horizons is always higher than in the IB3

horizone where a prismatic structure is found (figure D). This structure

provi_des fewer planar voids connecting both tubes. The total volume of flow

along ped faces involves the re.‘].atiﬁe areas of the walls and also the digtances

between them. Cracking of soil is moat pronounced _after drying. Remoiétening R

a8 occurs during the Bouwer test, leads to swelling processes which narrow

the interpedal voids. In certain clayey soils, swelling upon satwrabtion is

more rapid and complete when the soil is initially quite moist (as was the 332

in the bare field of the Mandt farm, for example, (K = 25 cm/day) in comparison |

with the otherwise similar 32 in the alfalfs field of the Charmany farm K = 50 cm/day)‘
As mentioned éa:rlier, worm channelis and l.argé root channels (i.e., cylindrical

tubes usually exceeding a dismeter of 2 mm) do not infiuence the Bouwer measure-

ment very markedly if their direction is vertical, since the inner and outer

tubes are then not intercomnected by channels. Under actua_l conditions of

effluent seepage, large channels will seldom remain open to the soil surface,

hence the relatively low X value of the Bouwer test is more realistic than the
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very high value that would result from infiltration into an undisturbed surface.
An example is i.nc_l.uded to show what happens if the measurement is made in s very
compact soil horizon (Omro I, 20 em; Omro IT, 80 cm). When there are no larger
pores comnecting the inner and outer tubes » ho measurable K value can be obtained.
It was observed however , that when valves b and ¢ were closged and valve 3 left
open, a slow downward movement in both tubes occcurred. Apparently some cracks
outside the inner Hube connected some water. Infiltration was calculated here
for the entire surface, including the inner and outer tubes. This is indicated
by an asterix for Omro I, 20 cm and for Omro II, 80 cm (see tsble 3.1) Such a
gystem, of course ,- now represents an unbuffered infiitrometer and the resulting
infiltration will generally include some lateral flow. In Omro I (20 cm) one
relative high K value was measured (10 cm/day). Here, as was evident from |
examination of the freshly-detached soil surface, a vertical crack occurred

through the inner tube, connecting it with the outer tube.

3.3.6 Preliminary conclusion |

The Bouwer Double~tube method was found to be very useful in measuring the
hydrsulic conductivity of soil horizons well above the water table. The
K-value obtained provides a reference that is physically better defined than
infiltration rates determined by arbitrary procedures. The Bouwer-K value
results from both vertical and horizontal conductivites of the scoil material.
Such a value has practical significance when applied to the flow system from
a regltively small trench. The factor of seasonal variagtion has still to be

evaluated. Crusting and clogging effects have not so far been considered in this

study.
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3.4%. Unsaturasted-conductivity tests.

The results shown in figures 3.4.1-3.4k.% indicate that thin crusts can
strongly reduce the infiltration rate. In the 32 of the Mandt pedon_,. for example,
infiltration was reduced by 99% (from 1k cm/day to 1.4 cm/day) after spplica-
tion of a thin puddled crust of 4 mm thickness. The suction below the crust
was estimated at 0.03 bar = pF 1.5. The thin cruwbled crust reduced the infil-
tration rate to 20 cm/day, spproximately the K value messured with the Bouwer
tubes. The suction here was estimated at 0.0L bar = pF 1.0 (figure 3.k.1). The
alx‘eady low infiltration rate measured in the 3221; of Cmro I through a clean
soil surface (5.6 cm/day) was reduced to 0.5 cm/day after application of a
thin crumbled crust of 3 mm thickness. Suction below the crust was estimated
at 0.1 bar = pF 2.0 (figure 3.%4.2). In the Arena pedon, the K values were
gererally very high. In this sandy scil, too, a considersble reduction of
infiltration occurred when a crust was formed (Pigure 3+4.3)

These experiments demonstrate that crusts can greatly reduce in:f‘ilfl:ratiqn
into the soil, and that a characteristic suction will develop in. the soil
below the crust.

Investigations are being contemplated for the forthcoming season, in which
measurements will be made in functioning septic tank systems. The determination
of suctions in the soil below the trench will show how effective certain crusts
are in reducing infiltration {reference may ve made to the Bouwer-K measured at
the same depth in the soil next to the trench).

A study of the morphology snd genesis of crusts might be useful. It may
lead to methods for avoiding or reducing crusting. The problem is complicated
by the microbiologlcal origin of surface clogging which seems to be related to
soll zeration and to the frequency of use of the trench. Greater attention will

be devoted to these factors in subsequent phases of the project.
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3.5. Morphologic deseription of soil structure.

3.5.1. Evaluation of the standard (SSM) system of describing soil structure.
The three grades of structure are described as followe (SSM): (see Pig. 3.5.1)

Weak: "pede barely observable in situ". After disturbance: few entire
peds, many broken peds and much unaggregated soil material.

Moderate: 'peds moderately evident but not distinet in situl After distur-
bance: many entire, some broken peds and 1ittle unaggregated nmaterial.

Strong: "peds quite evident.” After disturbance: largely entire peds, few
broken peds, no unaggregated soil material. (another criterion, not
mentioned for the other classes, is used here: "adhere weskly to one
ancther™)

These definitions are rather unclear. Our comments can be summarizéd in the
fbllowing points:

l. The procedure of disturbance is poorly defined. Differeni procedures
will lead to different separations into peds, broken peds and un-
aggregated soil material (see appendix).

2. After applying some standardized disturbance procedure, there
supposedly is a mixture of peds, broken peds_an& unaggregated solil
material {N.B. very often one finds clusters of peds held together
by roots and/or cutans). These quantities are partly resulting from
the "disturbance” procedure itself, partly from the occurrence of
surfaces of weakness and from differences between cohesion and
adhesion in the soil materiasl. Structures, classified as weak,
supposedly break into few entire peds and many broken peds.

Moreover, there is assumed to be much unsggregated soil material,
that, apparently, never formed a part of a ped. By definition
therefore soil structure, in this concept, is heterogeneous: in

the natural scil material peds are said to be surrounded by unaggre-
gated soll mesterial. This is also stated ﬁo be true for the moderate
grade and, although less so, for the strong grade. Our experience,

however, dces not confirm this concept. On the contrary, we conclude
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that soil forming factors usually lead tq the formation of a
certain degree of aggregation in the soil material as a whole at a
certain depth in the soil profile at a certain time although sizes
of peds may very considerably in one layer.

3. Processes of cohesion and adhesion are a direct function of the
molsture content of the soil material. The degree of aggregation,
being 2 funetion of the mojisture content, is therefore a wvariable
property for a specific so0il horizon during the year. This is
mentiored in the SSM, and it is advised to desciribe the grade of
structure at "the most significant moisture content”. In a soil

L]

profile, a wet condition is " most significant” in early spring; a
dry condition is so in summer. The soil hag to be considered as a
naturgl body, subject to varying moisture contents during_tﬁe year,
that determine the “aggregation of the primary particles" and "the

occurrence of natural surfaces of weakness”.

It is useful to distinguish between permanent and seasonal structurél
features of soils. The SSM lists soil ped shape, size, grade without any such
distinction. In actual Pact ped shape and size are permenent features while
the other two varj seasonally. This seems to be recognirzed by Brewer (1964)
whose definition of soil structure omits grade, and Includes voilds:

"The physiecal constitution of a soil materisl is expressed by the size,
shape and arrangement of the solid particles and voids, inciuding both primary
parﬁicles to form compound particles and the compound particles themselves;
Pabric is part of structure that deals with arrangement.” (p. 132)

A compound particle may be a ped, that 1s defined as a "natural individual
s0ll aggregate counsisting of a cluster of primary particies, and separated from
adjoining peds by surfaces of weakness which are recognizable as natursl voids,

or by the occurrence of cubans".
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Brewer's system recognizes the presence or absence of peds. If peds are
there, they may bhe described as to size, shape and arrangement. If peds are
lacking, then arrangement of primary particles in the spedal soil material is
studiéd, normally in thin sections. The factors that largely determine the
"grade" of structure (SSM) are described by noting soil consistance (SSM) that
also involves a "disturbance” procedure.

Some of the discussed phenomens were evident in our study of eight pedons
during the field season of 1969. Some horizons were designated in the field
as having a "moderate" grade of structure (:B2 Fla II and B, Mandt}. This
"moderate” grade was based on their relative low cohesion, resulting from the
relative high moisture content of the soil material {consistance was described
as friable). Later, soil peels were made in the laboratory from large air
dry undisturbed samples of these horizons (Bouma and Hole, 1965). The soil
maberial was in either case fully structurea and all ped surfaces were covered
with cutans, identifying the surfaces as parting planes. Therefore this
structure was in fact as "strong" as that of the B, Charmany of Pla-I. The
congistence in these dryer horizons,~-that were deseribed in the field as
having a strong grade of structure,--was slightly firm.

In studies of soil permeability the occurrence and sizes of larger voids,
like surfaces between peds, 1s an important characteristic. B8izes and shapes
of peds determine the morphology of.the pores between tﬁem. Swelling and
shrinkage of the soil material, occurring in the field after wetting and drying,
will determine their width in different seasons. This cycle has to be charac-

terized; one pictire can never be representative.
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Appendix for point 1

Jongerius {1957) suggested two procedures of soil disturbance:

1. Cutting a volume of soil from the soil profile, and cobserving the
guantities of entire and broken peds as well as unaggregated soil
material after the disturbance, the guantity of entire peds to
be estimabted in percentages.

2. If peds are not separated after precedure 1, they are separated by
breaking the volume of soil into its composing peds. After breaking
by hand the guantity of entire peds is estimated again. Six classes
in all are established, according to these procedures, coded as:

Entire peds in % of soil material

Peds are ilsolated by 9 =10 10-20 9-10 270

cubting a volume of soil

from profile grade: 0 3 2 3

Peds can only be isolzated

by breaking by hand grade: 0 i 2 1% 23

This method is a more detailed version of the 38M syatem but does not introduce
a new concept.

3.5.é Soil structure and related properities of the cultivated and virgin
pedons of Omro and Platteville.
First the occurrence of channels will be discussed. The largest number
of channels is usually found in the BQ horizon at a depth of about 30 cm.
This is particularly true for the channels smaller than 4 mm. The class
larger than 4 mm (almost exclusively worm burrows) shows a more uniform
distribution with depth. This is to be expected, since large worms apparently
travel up and down from the soll surface to considerable depth, through thelr
individual channels. These large pores were observed only in the Charmany
and Mandt profiles. The absence of large channels in the other pedons agrees
with the fact that earthworms were not observed there.
The smsller number of channels in = topsoil can result from two conditions:
1. Compaction of the Ap horizon by plastic deformation by farm operations,
tending to close any existing channels (Mandt 20 em; Cmro T 10-4O cm;

and Fla I 20 cm).
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2. The predominance in a very porous virgi# topsgoll of granulsr and fine
subangular blocky structures. In such a loose structure, with a low
bulk density, individual chanrels do not reslly occur. Rools grow
through the relatively large interpedal compound packing voilds
{Pla 1T 0-40 em; Omro II 0~30 cm). In such cases the chammels are
simply not observed nor reported for the upper horizons.

Channels are particularly evident and important, in relatively dense
horizons with accomodating peds. In contrast, the compound packing voids
between peds are the most relevant structural festure in virgin topsoils.
Comparison between the virgin and cuitivated sites at Platteville and Cmro
shows some interésting features. The number of chamnels in Omro IT is con-
siderably lower than in the cultivated Omro 1 below a depth of approximately
ko em where both pedons have about the.same density. We think this is caused
by-rooting of agricultural crops, particularly alfalfa. The relative deep
rooting, and subsequent moisture extraction by the roote, led to the observed
difference in moisture content between the cultivated and the virgin pedon at
the moment of sampling. Pronounced dehydration at the cultivated gite induced
cracking patterns in the subsoil, not found at the virgin site (see scil struc~
ture diagrams 3.5.2). The occurrence of these cracks resulted in a clear
increase of permezability. The loosening effect of deep rooting is demon-
strated by the trends in bulk density as well. Although the topsoil of the
virgin Omro II had a much lower bulk density than the topsoil of Omro I, it
had a density of 1.62 at TO cm, whereas at the same depth in pedon Omro I
this amountad to only 1.53. Compaction below the plowed layer in Omro I led
to a sharp decrease in the amount of channels there. Bermeability was reduced
to zero except where large vertical cracks had developed in this horizon upon
drying. They became partly f£illed with topsoil, but a2 congliderable permeability

could be measured nevertheless glong these cracks.
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The trends in the Platteville pair of pedons are similar in part.

Many channels occur to depths of more than 120 cm depth at the virgin prairie
site {Pla II). Most of these channels have apparently been made by ants.

The measurement was made in soil near to ant mounds, for these occur spaced
about 3 meters apart throughout the prairie remnant. Below the mounds them-
gelves chamnels larger than 2 mm in dismeter are 10 to 40 times more numerous
(Baxter and Hole, 1967). The soil material occurring above 50 cm in this
pedon is very porous (B.D. = 1.20) and here the channel concept does not
appiy. In the cultivated pedon (Pla I) compaction occurred in the horizon
below the Ap (B.D. 1.27). Hydraulic conductivity was lower. In such a rela-
tively dense horizoﬁ, where the peds accomodabte each other, channels are very
evident. Here, as in Omro I, roots of agricultural crops have created many
channels, that remain after decomposition of the roots. We could not establish
criteria to separate channels created by roots from those created by ants,
unless it is the presence of the obscure "nibbled” or micro-pitted surface

of ant burrows. Since ants were not observed at the cultivated site, however,
we presume that roots made the chanrels.

The subsoil below 80 cm is denser in Pla I than in Pla II (B.D. 1.35 versus
1.26, locally 1.15). The volume of channels is reduced in Flg I, the structure
wag prismatic (see soil structure diagram 3.5.2) and the permeability was less
than at the virgin site at the same depth. This is attributed to some erosion
of topsoll, bringing the prismatic subsoil closer to the surface. In Pla T no
channels were cbserved below 110 cm; in Fla IT chanrels occurred as deep as 130 cm.
Comparison of the molsture contents of both profiles, at the moment of sampling,
shows that Pla I was much more strongly dehydrated, particularly below 50 cm,
than Pla IT. This is the effect of the deep rooting corn crop, as was the case
with the alfalfa at Omro I. Rooting; and dehydration by the roots, are not

so deep at the virgin paririe site. We suppose therefore that most channels
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in the horizons below, say, 50 cm of Fla II were made by ants.
Cuitivation of both pedons has led to a decrease of the organic matter
content of the topsoil. As a resuli, the part‘icfle density of the soil

material increased (see tables in 3.1).

3.6. Summary of results

Project: Develop reliable field methods to predict movement of liquid wastes
in soils.

Phase 1: Compare the official State Percolation Test with other less
empirical physical methods to measure permeability of different soils.

From the results obtained on seven sites, it follows:

1. The Bouwer Double-Tube apparatus measures a considerably lower satursted
conductivity.than the infiltration rate of the State Test {section 3.3.1.).
The Bouwer values, however, correspon& reasonably well with the conductivities
obtained from both verfical and horizorrtai undisturbed cores. The high
valges obtained with the State Test Procedure are probably caused by
lateral flow, as well as by soil moisture suction gradients, which are
likely to be particularly high in summer. (see data in 3.1) A valid test
should give a value that is representative for the soil in all seasons,
inecluding, spring, when the soll is wet and initial suctions are low.
The X values of the Bouwar test are based on a l.imitéd yolume of saturated
soil and seem therefore to provide a more realistic estimate of the
hydrodynamic properties. Before we can be certain gbout this, however,
additional testing on the same sites should be carried cut in the spring
season.

2. Tre Bouwer method, a8 well as the measurements with undisturbed cores, is
applied on carefully cleaned soil surfaces. A typlcal soil surface in a
sewvage trench will not be like that because of compaction or puddling

during the construction of the trench, and because slaking of =so0il,
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accumulation of so0lid sewage particles and biological clogging may oceur
during operation of the system. A crust will induce suction in the under-
lying soll, which may result in unsaturated flow conditions, and hence a:
much slower infiltration rate. In our crust tests this was well demonstrated,
(seé. 3.4) For example: a thin puddled crust 2 mm thick reduced the

infiltration rate in the B, of the Mandt profile by 99%,

Phase 2: The study during the 1969 Ffield season had other results, less

directly related to the central problem.

1.

A relation was found between soil struchbure and saturated hydraulic
conductivity. Conductivity decreases with increasing sizes of peds

{sec. 2.7, 3.3.5, and 3.5.2). Apparently pefcolating water follows
natural faces of peds, &ven when the scil is not entirely saturated.

This occurs in part because of cubtans on ped faces that reduce the movement
of water into the unsaturated peds. Saturated conductivity is governed
by the occurrence of continuous larger voids, such as cracks. Not only
their number but particularly their width is im@ortgnt in this regard.

We ascribe the difference in hydraulic conductivity between the Charmany
and Mandt sites (with essentially the same type of structure) chiefly

+t¢ the absence of a crop on the Mandt site in_1969, which permitted
relatively high moisture éontents_and low suctions to persist even in
August (sec. 3.1). In July, the Charmany site, on the contrary, already
had relatively low soil moisture contents, due to the transpiration of the
alfalfs crop. The resulting cracking, or more exactly, the widening of
existing cracks, probably caused the higher conductivity. ©5Soil swelling
does occur after saturéting but by a reduced amount (in the time available
for the test) in proportion to the preceding degree of dehydration.

The difference in sgtructural grade between the two soils was observed and
recorded in the profile description (sec. 3.1) as "strong" at the

Charmany site versus "moderste" at the Mandt site. The mechanism of soil




swelling, particularly as it .occurs under natural condifions in early
spring, needs to be studied more thoroughly in Wisconsin soils.

Changes induced in soil by agriculture were studied by comparing virgin
and cultivated soile at two sites. The goils were an Oshkosh clay (Omro)
and a Tama 8ilt loam (Platteville) (sec. 3.1.). In both cases, growing
crops, particularly alfalfe, led to a marked drying of the soil to
considerable depth. In the natural profiles effective rooting (see
channél diagrams in section 3.1) was not as deep, and dehydration was
more restricted to the topsoil. Drying induced cracking patterns in the

B, horizon of the cultivabted clay soil that were not found in the nat-

3
ural site at the same depth. The hydraulic conductivity of the cultivated

clay soil was therefore higher in the 133. Compaction by tillage was
confined here to the topsoil, resulting in a strong decrease of hydraulic
gonductivity. In 'Ehe silt loam, the cultivated soil was slightly compected
to a greater depth, and the hydraulic conduetivity was lower in all

the horizons tested. Apparently some erosion had occurred téo, bringing
the relgtively dense subsoil nearer to the so0il surface. A loss of
organic matter in the topsoils of both cultivated soils resulted in a
higher particle density of the soll materials. These examples show clearly
that scil profiles, occurring in one and the same goil unit and having

a similar classification may differ considerably in phjsical properties

due to management by men in the relatively short period of a century. The
State Percolation Test performed at 80 cm depth on both Tama pedons (sec. 3.2)
shows considefab‘le differences. The differences in rates of infiltration
between the State Tests at the Oshkosh site were caused by the local
interlgyering of this silty layers in the clay. This shows the necessity

of studying the naturasl profile before testing (sec. 3.2.).
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L4, Plans for future work

During the coming months we propose to direet the investigation toward
problems more directly pertinent to real sewage disposal systems. 1In
particular, sttention will be devoted to the following ereas: (1) physical
and microbiological aspects of soil clogging by sewage effluent; (2) field
tegts of conditions at sites of actually operating septic systems; (3) guanti-~
tative interpretation of the relation between soll fabric and i:tyd:r&ulic
conductivity; aﬁd, of course, (i) characterization of mejor soils of Wisconsin
with respect to intake and transmission of water and liquid wastes.

The first of these areas can fortunately be pursued in cooperation with
Dr. Elizabeth Mec Coy of the Bacteriology Deparfment on this campus. The
studies of Schwartz et al., 1967 clearly demonstrate that microbiological
processes, cccurring during the infiltration process into the soil, determine
ﬁhether or not a sepbtic-tank effluent system will fumction well.

We intend to use columns of undisturbed soii, to be well characterized
in physical and morphological terms. Effluent will be applied to these columns
in varying quantities and at different intervels. Processes of soil pore
clogging, collform developﬁent s nitrification and denitz_-ifica‘bion, will be
monitored in the Iaboratory. These will be correlated with changes in
physical characteristics and processes, such as: infiltration rate, soil
suction and moisture content, and oxy;gen _content of the so.ﬂ. air.

Procedures in the second subproject will include tensiometric measurements
of suctions and wabter contents prevailing 'beloﬁ and around operabing sewage
trenches. A representative K-value can be established on the basis of the
relation between K and water comtent for esch gspecific Soil matrix. (this
value may be considerably lower than the saturated K, depending upon the degree

of clogging and crust formation). By these means, an ghtempt will be made
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to define the hydraulic flow patterns of typical sewage disposal systems, so
that an evalnation can be made of means for improving them. Trenches of
different septic tahks will be excgvated to permit observation of soil
morphology, crﬁsting and patterns of oxidation and reduction. Methods for the
prevention of crusting and for the alleviation of crusting effects will slso
be studied.

The third subproject will investigate the relatlon between soil fabrie
{as observed.in the Tield and in “soil peels") and hydraulic conduetivity in
guantitative terms. Fhysical models and equations describing the relation of
s0il conductivity to pore sizes {e.g., Childs, 1969) will be tested.
Processes of swelling of soil will in part determine the size of pores; and
hence =lso the hydraulic conduetivity, in the wetted soil layers. We plan,
therefore, to repeat in early spring =1l hydrological measurements, made in
the previous summer, in our pedons, 80 &8 to assess the factor of seasonsal

varigtion.




APPENDIX 5.

"y | V|rgin }ICUIti?\i/!étéd
virgin cultivated
TYPIC ARG
TYPIC EUTROCHREPT Tama silt :(l,JaDn?LL

Oshkosh clay
OMRO PLATTEV ILLE

General legend for the following figures, that are horizontal sections as seen in
a soil peel, of each pedon at the indicated depth.
natural voids between ped faces
« «. channels
€2 pedotubule

€6



mama silt loam (virgin).Al (20 cm).Structure: moderate very fine
subangular blocky and strong fine grapular,
Tama silt loam{cultivated) A2 (20 em).Structure: Weak medium platy

and moderate very fine subangular blocky.

,’:’;S :large animal burrow with strong fire granular structure
K: 11 em/day B.D: 1,37 P.V: 47% Part.dens: 2.57,

K: 160 cm/day.B.D: 1,22 P.V.:50% Part.dens.: 2.Lb



Tama silt loam (virgin).B2t (80cm).Structure: Moderate fine prismatic

bresking into moderate fine subangular blocky.
K: 75 cm/day. B.D.: 1.26 P.V.: 51%  Part.dens.: 2.55

S6

Tama silt loam (cultivated) B3l (80cm).Structure: Moderate medium
prismatic, breaking into moderate medium subangular blocky.
K: 22 cm/day. B.B.: 1.35. P.V.: 49% Part.dens.: 2.66.



Oshkosh clay (cultivated) Bl (20 cm).Structure: Strong very coarse
prismatic and moderate medium platy.

Oshkosh clay (cultivated) B21 (50 cm).Structure: Moderate medium [*4]: Faces of very coarse prisms (partially seen here in three
prismatic, breaking into strong fine angular blocky. dimensions) covered, and locally completely filled with
K: 6 em/day, B.D.: 1,43 P.V.: 43% Part.dens.: 2,62 thick cutane composed of topsoil material.

K: 0 cm/day in soil between the prism cracks. X : 10 cm/day
through these cracks., B.Det 1.36 P.V,: 49% Part.dens.: 2.69



Oshkosh clay (cultivated) B3 (80cm).Structure: Moderate mepium
priesmatic breaking inte strong medium angular blocky.
K: 5 em/day. B.D.: 1.52 P.V.: 44% Part.dens.: 2.73.

L6



Plano silt loam (Mandt farm). Ap (15 cm).Structure: Apedal with dense
B Plano silt loam (Mandt farm). B2t (50 cm).Structure: Weak medi
: $ .dens.: 2.51, no s oam n arm). 50 em).Structure: Weak medium
K: 9 cm/day, B.D.: 1.2, P.V.: U4 Part.dens d prismatic breaking into moderate fine subangular blocky.
K: 22 cm/day. PB.De: 1,81 P,V.: 47% Part.dems: 2.66
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Plano silt loam (Mandt farm), B3l (80 cm).Structure: Moderate
meoium  prismatic,
K: 7 em/day. BR.De: 1.45 P.V.: 45%, Part.denss 2,64



St.Charles-Bavaria silt loam (Charmany farm).Ap (20cm)
Structure: apedal with clods.
K: 11 em/day. B.De: 1.37 P.V.: 46% Part.dens.: 2.55.

100



St.Charles-Bavaria silt loam (Charmany farm).B21t (60cm)
Structure: Weak coarse prismatic breaking into strong
medium subangular blocky.

K: 50 cm/day. R.D.: 1.42 P.V.: 45% Part.dens.: 2,58

St.Charles-Bavaria silt loam (Charmany farm).B3 (120cm)
Structure: Strong coarse prismatic.

K: 26 cmfday., B.D.: 1.53 P.V.: 40% Part.dens: 2.62.

0T



Sparta loamy sand (Arena). B3 (80cm).Structure: Apedal,
single grain, Basic fabric is probably granular.

K: 420 cm/mo

B,D,: 1.48

P.V.: 45% Part.dens.: 2.68

Sparta loamy sand (Arena). B21 (40 cm).Structure: Apedal,
basic fabric provably intertextic.This causes the moist

soil to break into coherent fragments.
K: 37 em/day. B.D.: 1l.54 P.V.: 42% Part.dens.: 2,65,

20T
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Downward infilfration of water into a uni-
form soil profile ponded at the surface has
been studied intensively, especially since the
experimental work of Bodman and Colman (1)
and the theoretical work of Philip (4). More
recently, attention has been devoted to infiltra-~
tion into a layered soil. Takagi (7) analyzed
the steady-state downflow of water through a
two-layer profile into a free water table be-
neath. Where the upper layer is less pervious
than the lower, negative pressure (suction) can
develop in the lower layer and remain at a
constant wvalue throughout a considerable
depth-range. Takagi showed that thiz zone
normally beging at the junction of the tweo
layers, Hillel (3) examined steady infiltration
into = sofl overlain by a thin ecrust of low
canduetivity.

Steady-state conditions require that the flux
through the crust (g,) be equal to the flux
through the subcrust “transmission zone” {gu) :

ge = du

. dé de \
or K. dz). = K, (d_z. A (I3

where K., (dé/dz)., K. (pd/dz),, tefer to the
hydraulic conduetivity and hydraulic head
gradient of the crust and underlying frans-
mission zone, respectively. The gradient
through the transmission zone tends to unity
when steady infiltration iz approached, as the
suction gradient decreases with the increase in
wetting depth, eventually leaving the gravita-
tional gradient as the only effective diiving
foree. In the absence of & suction head gradient
below the crust, we obtain (with the soil sur-
face as our reference level) ;

ha+hc+£;

g = Ku(hi) = Ke 2

@

! Pyblished with the permission of the Director
of the Wisconsin Agricultural Experiment Station.
Senior author on leave from the Hebrew Uni-
versity, Rehovot, Israel,

where K, (k) iz the unsaturated hydraulie
conduetivity of the suberust zone, a function
of the suction head, A, which develops in this
zone, beginning just under the hydraulically
impeding crust; A, is the positive hydraulie
head imposed on the surface by the ponded
water; and 2z, 13 the vertical thickmess of the
erust. -

Where the ponding depth (R.) is negligible
and the crust itself is very thin and of low
conductivity {eg, where 2, is very small in
relation o the suetion k. which forms at the
suberust interface), we can assume the ap-
proximation

ky

@=%=&; 3)
4

The condition that the crust remains saturated
even while its lower part will be under suction
is that its critieal air-entry (h,) not be ex-
ceeded (ie [ ha| < [ha|).

Thizs together with the condition that the
suberust hydraulie head gradient approximates
unity leads to the approximation;

R, _K _1

%R #A]

ie, the ratio of the hydraulic conductivity of
the underlying-soil iransmission zone to its
suction is approximately equal to the ratio of
the erust’s (saturated) hydraulic conductivity
to its thickness, The latter ratic is the recipro-
cal of the hydraulie resistance per unit ares of
the c1ust (RB,) * Also:

g = Ku (k) = hi/R, (63

Whore the unsaturated conduetivity of the
underlying soil bears a known single-valued re-
lation to the suction, it should be possible to

* A distinction is made between the hydraulic
resistance per unit area, defined as above, and the
hydraulie resistivity, the latter being equal to the
reciproeal of the conduetivity.
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Fi1a. 1. Theoretical effect of crust resistance upon flux ard suberust suetion during steady
infiliration into erust-capped columns of a uniform zoil with “n” = 2, “a” = 49 X 10°. The
broken lines (1) and (2) indicate the hypothetical effect of suberust hydiaulic resistance,

Ry: By (1) < Ry (2). The decressing ¢ vs. R.
duetance of the suberust layers is not limiting.

caleulate the steady infiliration rate and the
suction in the suberust zone on the basis of the
measurghle hydraulic 1esistance of the crust.
Where the relation of matric suction to water
eontent is also known, it should be pessible to
infer the suberust water content during steady
infiltration ' :

Employing a K vs. k relationship of the type
K = q |k |™ (where 2 and n are charactexistic
constants of the soil) the following is obtained:

g = (a):ll(m‘l)/(Ra)nﬂMl) o B/(R,)"“"*” (6)
he = (aR)V™? = B(R,)”"‘”’ o

where B = "™ iz a property of the sub-
crust soil. The theoretical consequences of
equations {8) and (7) are Llustrated in fig.
1. These equations indicate how the infiltra~
tion rate cdecteases and the suberust suction
inereases with increasing hydraulic resistance of
the erust. Gardner (2) has shown that the
values of ¢ and of n generally increage with
increasing ecoarseness, textural as well as strac-
tural, of the soil. Sands may have n values of
4 o1 more, whereas elayey sofls may have =
values of about 2. Tillage may pulverizc and
loosen the soil, thus incteasing n, while compac-
tion may have the opposite effeet.

curve applies only where the hydraulic con-

Both the crust and the underlying soil are

‘zeen to affect the infiltration rate and suction

profile, and the crust-capped soil is thus viewed
as a seli-adjusting system in which the physi-
cal properiies of the crust and underlying soil
interact in timee to form a steady infiltration
rate and moisture profile In this steadily in-
filtrating profile, the subcrust suction which de-
velops is such as to ecreate a gradient through
the crust and a conductivity in the subcrust
zone which will result in 2n equal flux through
both layers.

This paper describes an experimental test of
the above theory.,

EXPERIMENTAL

The relationships derived, and the agsump-
tions upon which they are based, were tested
expetimentaily in the following two ways:

(1) With models of varying crust hydraulic
resistance and identical suberust soil propetties.
For such conditions the theory predicts de-
creasing infiltration rate and increasing sub-
crust suction with inecreasing hydraulic re-
gistance of the erust.

(2) With models of uniform crusts and vary-
ing subcrust properties. The theory predicts a

10hL




dependence of infiliration rate on the hydraulic
properties of the suberust layer, as chai-
aéterized by its a and » values. _

The mfilfration tests were carried out with
laboratory eolumns packed into 5 em. diameter
ucite tubes 150 em. long. The soil was taken
from the Gilat Experimental Farm in the
Northerm Negev of Israel and is a fine sandy
loam of loessial origin. A mechanical packing
device was employed to assure column uni-
formity.

In the first series of tests, uniform columns
were capped with 10 mm -thick stabilized sur-
face layers of either agpregates (I~2 mm.) or
crusts. These layers were stabilized with a
gynthetic soil conditioner applied in powder
form at the rate of 0.5 per cent of the dry soil
weight, The crusts were prepared in molds
either by slaking the soil in water, or by
puddling the soil mechanically with or without
the addition of cement, Measurements were
made of the hydraulic conductivities of these
layers in specially constructed permeameters.
The crusts were mounted In recessed Ilucite
ringe and sealed by pouring molten paraffin
into the groove around the crust (to fix the
erust in place and to prevent houndary fow
along the lucite wall}. The protruding erusts
were then pressed into the soil columns, and
their rings sealed to the column tubes by means
of transparent adhesive tape The method of
mounting the crusts is illustrated in fig 2.
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To hasten the atialnment of steady infiltia-
tion, the columns were pre-wetted to a depth
of 60 em: just prior to being capped with the
crusts. The subcrust zone was thus nearly
saturated at first. During the subsequent infil-
tration through the erusts the profiles were
actually in a process of draining, so that the
patameters “g” and “n”, obtained by desorp-
tion, were properly applicable.

The infiltration trials were conducted by
impounding a § mm head of water over the
crusts by means of an inveried buret. The in-
filtration runs were continued at least 24 hours
until a constant rate was established and the
suberust hydraulic head gradieni was about
unity This gradient was measured with peneil-
size tensiometers located 2 and 12 cm. below
the crust. SBoil water content was determined
repeatedly both gravimetiically (by sempling
through side holes in the lucite tubes) and
volumetzically: (by means of a pre-ealibrated
gamma-1ay scanner). In each case the sub-
crust-zone water content and steady infilira-
tion rate were compared with the corresponding
values predicted by use of Equations 6 and 7.

In the second series of tests, similar crusis
(1 em thick, uniformly puddled and stabilized
with the soil conditionet) were placed over
columns of different aggregate size ranges and
different porosities

The aggregate classes were prepared in the
following manner; The soil was dried, erushed

-l
L. LOCITE RING

{(step-grooved at lower edge)

1. parapran sean

T 2— LUCITE TUBE

e SOLL COLUMN

MECHARICALLY PACKED

Fug. 2. Arrangement for mounting crusts over soil columns.
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TABLE 1
Infiltration ests with stmiler columns of wniform Gilat loess under different crusis
‘ C s Puddled Puddied and
Sosepr e aSule, W Tgme RS
Toplayer prop- Thickness, 2; (cm.) 1 1 1 1
erties Porosity, P (%) 49 45 38 30
Conductivity, K (em./day) 22.1 0.7 0.3 0.1
Resistance, R (days) _ 0.5 1.4 3.2 8.1
Sublayer prop- Porosity, P (%) 43 48 48 48
erties “g’" value 4.9 X108 4.9 X 10° 49 X 1058 49 x 10°
“p" value 2 2 2 2
faturated conductivity 16 16 16 i6
{approx.} (cm./day)
Test results Flux, ¢ (em /day)
Predicted : 13 8 4
Measured 16.8 13.4 9.5 5.0
SBuberust suction, k; (em.)
Predicted 19 25 38
Measured 102

& 64 83

and passed through a 0125 mm. sieve. It was
then mixed with 0.5 per cent of powdered
VAMA soil conditioner (“krillium™} and then
wag weited in water-filled trays by soaking in
cheese cloth. After 24 hours the saturated
gamples were drained and air-diied. The 1e-
sulting “cakes” were then pulverized by hand
and screcned to separate the desired aggregate
size classes. The resulting aggregates were found
to be highly stable to water. The bulk density
of the aggregates themselves was found to be
141 & 003 grams/em ?, These aggregate classes
were packed mechanically into the lucite tubes,
and the overall bulk densities obtained were
103 = 004 grams/em® for the 025-0.5 mm.
class and 0.94 = 004 grams/em? for the 2-3
mm. clags. The hydraulic conductivity vs. sue-
tion and water content relatiens (e, the “g”
and “n” parameters) were determined by pres-
sure plate outflow measurements according to
the method of Rijtema (8).

Effect of Crust Resistance on Iﬂﬁltmtioﬁ

The experimental results and tkeir compaii-
son with the predicted values of ¢ and A, are
shown in table 1. '

It is scen that the measured fluxes (ie,
steady infiltzation 1ate) closely approximated
the predicted values of all crust-capped col-
umns. In the case of the aggregated toplayer,

which was more porous than the sublayer and
did not impede flow, the infilzation rate ap-
parently was regulated by the properties of the
sublayer alone

Comparison of the predicted and measured
suberust suctions shows thai the measured
values, though higher, patalleled the predicted
values and indicated the same trend, namely,
an increase in suberust suction with inereasing
eruist resistance.

Effect of Sublayer Hydraulic Properties
on Infiltration

The hydraulic conductivities of the aggregate
classes used are shown in fig. 3 (K vs. ¢) In
the range of suctions obteined in the transmis-
sion zones during the infiltration through the
cepping crusts, the following approximate val-
ues of the “a” and “n” parameters were found:

0-2 mm soil: e=493 X 10*: n
0.25-05 mm, aggregates: & == 6.3 X 10°; »
2-5 mm, aggrepates: ¢ = 25 X 10°; n

W

2
44
8

Table 2 shows the compatison between the
theoretically predicted and experimentaily
measured flux and suction values ohtained dur-
ing the infiltration tuns (with similar capping
crusts).

Compazison of the predicted and measured
values of steady infltzation rate (fux) and sub-




ctust suction indicated agreement in trend. The
sctual dizerepancies beiween these values may
result from the errors in the assumed K vs. &
relationship, which can be especially serious in

B
A

0.25~0.5 =3
Rggregatea

N

ften S RIGrFALES

BYIRATLIC CONDUCTIVITY, K (cu/day)
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-
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F1o. 3. Dependence of hydraulic conductivity
upon water eontent of the experimental soils,
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the low suction range, where the KX = ai™
equation may become mapplicable and where
air entry and air entrapment phenomena may
oceur,

DIRCUSSION

The principal finding derived from the ex-
perimental data iz that both the fluxes and the
moisture profiles during steady infiltration
showed reasonable agreement with the theory,
ie, the experimental data patalieled the pre-
dicted values of flux and suction Failure to
achieve a more exact agreement is probably
due in part to the difficulty in measuzing the
conduectivity of the soil with sufficient precision.
However, the agreement is sufficiently good to
justify the use of Equation (6} to estimnate the
infiltration 1ate for a erusted soil. One cannoi
otherwise average the econduetivity of the
crust and the soil propezly.

In this paper, the X = a|A|™ equation ap-
peared to fit the data. This may be fortuitous,
however. The relation of conductivity to suc-
tion, or to water content, may not always be
such a simple one. Various equations have been
propesed in the literature and could be used
to derive comparable expressions for ¢ The
expression used by the authors may also be
formulated in the following way, which might
have more general validity:

TABLE 2

Infiliration tests with different aggregate classes capped by similar crusts

Toplayer type

Puddled and cemented crust

Thickness, z; {em .}
Porosity, P (%)

Crust properties

Conductivity, K (em./day)

Resistance, R {days)
Seblayer properties Ageregate sizes, mm.
Porosity, P (%)
‘1591 va’Iue
“n’? value
Saturated conduetivity

{approx ) (em./day)

Test results Flux, q (em./day)
Predicted

Meazured

Suberust suction, k; (em.)

Predicted
Messured

1 1 ' 1
25 29 28.3
8.1X1W?2 790x10?® 7.8X107
12.4 12.6 127
0-2 0.250 5 2-5
498 61.7 65.0
4.9 X 10¢ 6.8 X 108 2.5 X 1(¢
2 4.4 8
16 22 30
32 1.5 1.2
8.1 2.1 20
39 19 15
50 50 26
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ho 7. ‘ in deteimining the desitable erust and suberust
K= K'li—;_ i for [R[>[h] &) soil properties which can be induced to best

where X is the unsaturated hydraulic con-
ductivity, K, the saturated conductivity, & the
matric suetion, k., the al-entry suction, and
n,a characteristic constants.

Stated in terms of Equation (8), Equation
{6} becomes:

B \nitmin
g = KD E-- (9
which can be rewritten as:
ha nfint1)
% -z ﬂ) (10
] e

This indicates that the infiltzation rate rela-
tive to the saturated hydraulic conductivity of
the subecrust sofl vailes inversely (as a frac-
tional power that is near unity) as the crust
registance and the saturated conduetivity. This
applies only when the suction which develops
under the erust is sufficient to desaturate the
soil. The exponential parameter n would tend
to become less important as its value increases
(as in & coarse soil}, since n/{n + 1) would
tend more and more to approximate unity.

For the comparison of the infiltration rate
into two different profiles, the following ex-
presgion can be used:

@ K.!)U(wﬂ)
& E
where subscripts 1 and 2 zefer to the two pro-
files compared. Increasing socil coarseness,
either textural or structural, would tend to in-
crense with both K, and n. Equation (i1)
shows that this might either inerease or de-
crease ¢, depending on the magnitude of these
parameters, as well as on the A, and B, values.
The findings of this paper may have practi-
eal applications particulatly where it is de-
sirable to decrease the gsoil infiltration rate
artificially (e.g, in water harvesting schemes,
or in earth-lined storage reservoirs). Under
such conditions, the approach prescnted can aid

Rat -R:,')nf(wn an

fiez Bar

advantage.

BUMMARY

A theory is presented which allows the
prediction of the steady infiltration rate and of
the suction profile of crust capped profiles
from knowledge of the hydraulic resistance of
the ecrust and of the unsaturated conductivity
characteristics of the suberust seil. The hy-
draulic properties of both layers are shown to
affect infiltration, and the crust-capped soil is
thus viewed as a self-adjusting system in
which the properties of the two layers interact
in time fo form a siesdy infitration rate and
moisture profile. Tn thig steadily infilrating
profile, the suberust suetion which develops is
such as to create a gradient through the crust
and a conductivity in the suberust zone which
will result in an equal flux through both layers.
The results obtained from laboratory column
experiments indicated 1easonable agreement
with the theory.
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