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SUlll!IlaI'Y 

The increasingly pressing problem of liqu:i,d waste disposal is nationwide 

in scope. The success or failure of systems designed to infiltrate such 

wastes into the soil depends upon the hydraulic regime, which, :I,n turn, is 

strongly affected by the soil! s intrinsic hydraulic properties . Accord:!,ngly, 

site selection and predictions of the :performance of projected sewage d:i,s~ 

posal systems should be based on know,ledge of :pertinent soil parameters. 

This study is an attempt to measure and evaluate such parameters i,n the state 

of Wisconsin. 

Thrring the past six months, alternative methods for measuring hydraulic 

conductivi,ty and seepage rates have been evaluated and compared. The most 

promising methods were a.da;!rted to the purposes of the study and employed at 

different sites having di,fferent soil properties throughout W:I,sconsin. It 

appears that the Bouwer Double-Tube Method j,s superior to the state Percola

tion Test, in that it yields more dependable, condstent and physical.ly 

interpretable data. Measurements of unsaturated conduct:l,vity were al.so 

carried out successfully in the field, j,n anticipation of the unsaturated 

flow regimes which w:!.U undoubtedly result form surface clogg:l,ng of soils 

by the infiltrating ei':f'luent. Since the hydraul,:!.c properties of the so11 

can be expected to vary during the annual cycle, it would seem desirable to 

monitor these var:l,ations per:!,odically. Toward tb1.s end, an attempt is being 

made to adapt morphologj,cal techniques to the eval,uation of soil hydraulic 

properties. 

rata are presented on the comparison of conductivity measurements 

(obtained in situ as wel], as in the laboratory under both saturated and un

saturated condi,tions) w:!,th State Percolation Tests. In addition, basic 

physical and morphological data are given for the following SOils: 



St-Charles-Batavia silt loam (location: Charmany tarm, Madison) 

Plano silt IDem (location: Mandt tarm, Madison) 

Oshlrosh clay, both v:irgin and cultivated (:location: OMRO, W;!,sconsin) 
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Tama silt loam, both virgin and cul,tivated (locat;!,on: Platteville, W:i,sconsin) 

Sparta loamy sand (location: Arena, Wisconsin) 

These data were not here'totare available tor the soil types included in 

this study. 



1. Introduction 

Disposal. of' liquid wastes in recognized as an j.ncreasing problem 

throughout the nation. The considerable capaCity of' mal'\Y so:1.1s to absorb 
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and permit microbial. break-down of such wastes above a water table is taken 

advantage of by means of vadous systems such as spray irrigation of waste 

waters, waste stabilization ponds and septic tank effluent distribution fields. 

In 1963, according to the Federal Council. for Science and Technology, fifteen 

percent of the U.S. population depended. UJ?on waste dj.sposal. by dispersi.on in 

the soil, and insta1J.ation of individual. sewage systems took place at the 

annual rate of 300,000 on 75,000 acres of land. The problem i.s accordingly 

of greater magnj.tude today. Care must be taken to select for such purposes 

on1¥ those soils that are capable of absorb:ing the was·tes above the water 

table, and holding them untfl noxious: mater:i.als have been decomposed to ha:rm1ess 

components such as CO2, 1120 and N2 " The state of the soil system needs 

to be checked :periodica1.ly (Preul, 1964; Hansel, 1968) to make certain that 

the rate of introduct:i.on of wastes does not exceed the capacity of the soil. 

system to break them down before they have reached the water table or surface 

bodies of water. 

There are two concerns i.n the disposal of domesUc sewage by soil absorption. 

These are (1) health of the public and (2) surface water :f'ert:il.ization. 

Sewage spilling onto the ground or into surface waters is a vehicle of infection. 

Of considerable public interest is the relationship of waste di.scharge from 

septic tank-soil. absorption systems to eutrophication of .lakes. This 

investigation will. contr:!.bute topubl:!.c health and water poUut:ton adm:!.nia

tration y&!!: our increased knowledge of waste movement through soils. 
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Ref'1ectillg a national. trend to better control. po1.1uti.on of our waters, 

all Wisconsin Counties are now required by state l.aw to regulate the 

installati.on of on-site sewage absorption systems i.n shoreland areas. M3.ny 

counties are adopting sanitary ordinances which a;pp:l;y county-w1.de. Where soil. 

maps are avaUable, counties are using them :\.ncreasingly as a basis for im

plementing these ordi.nances (Cain and Beatty, 1965). Tn the absence of soil 

maps, greater reliance is placed on on-site investigation. ~:is i.ncreased 

emphasis on regulation of on-site sewage absorption systems makes :I:t very 

:il!Iportant that soil map interpretations be sound and on-site eval.uations be 

•• as accurate as possibl.e. This may wel.l involve a scientific reevaluation of 

current soU. percolat:!.ontests required of .land deve:lopersby state boards 

of health. The purpose of the reevaluation i.s to determine margins of error 

and amplitudes of safety factor. Ccmpari.sons of resu1.ts of mandatory percol.

ation tests as now conducted with data obtainable by newly developed sophist:l.-

cated apparatus has not been made systemat:!.ca1.l;y'. Thi.s should be done in a 

research program i.n which advanced methods would be adapted for routine field 

use and in which the growi.ng body of theory about water movement in soU 

wi1.l be applied to problems of 1.:!.quid waste disposal. in part:!.cular soU pro-

files and waterSheds. 

Accurate informati.on on the rates of movement of water, both clean and 

po.lJ.uted, into and :!.n soil (i.nfUtrat:!.on rate; hydraulic conductivi.ty) j.s 

prerequisite to adequate solution of the problem of liquid waste d:l.sposal .• 

New methods are available for the deteTlllinat:t.on of hydraulic conductivity of 

soU at saturation (:Bouwer, 1961, 1.962, 1.964, 1.966, 1967' and at various 

moisture contents in the unsaturated range (Hillel and Gardner, 1969, 1.970) 

but these methods have not been widely applied in the field to major soils 

of the nation. 
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Comparison of measu:rements by the new, p:rec:l.se methods with test data 

obtained by conventional. field and laboratory percolation and infiltration 

precedures is essent:l.al to (1.) improvement in :I.nterp:retat:l.on of the conventional 

test data and (2) developnent of more adequate t:l.e.ld procedu:res tor predicting 

movement of .liquid wastes in SOils. Specifj,cally,the resul.ts of the w:i..dely 

used percolation test exampl.i.fied by that requ:!.red by the State Division of 

Hea1:th (W:I.sconsin State Department of Heal.th and Social Services, 1969) 

shoul.d now be compared w:i.th resu1:ts of advanced methods, including the Bou:wer 

hydraulic conduct:l.vity field test, the laboratory percol.at:l.on test on und:l.s·turbed 

soU coresta.ken hor:i.zontal.ly and verti.cally, and the infiltration tests of 

crust-capped soil columns. ~e variety of soils in Wisconsin :i.s sufficient 

to represent many conditions el.sewhere in the country. 

~is effort was begun by the Pr:i.nc:!.pal Invest:!gator :i.n 1968, by Dr. 

Johannes Bouma and the Pr:i.ncipal. lnvestigator :I.n 1969. ~e work holds the 

promise of' advancing our understanding of thebehav:l.or of liquids in 0Ulr 

principal soUs, and for development of new practical. procedures for test:!ng 

solls :I.n this regard. Results of the proposed work in Wisconsin are expected 

to be app1.:lcab1e in other areas and to contribute to the solution of the 

national problem of l:1.quid waste disposal. 

FUndamental studies of the properties, processes and classification of 

the soil.s selected for i.nves·Ugation are necessary to properly interpret data 

on infiltration and hydraul:i..c conduct:l.v:l.ty and to apply this knowledge to 

other areas not directly tested. 



2. MethOds of charac:terizing perco1e;tion properties of soUs 

2.1.. General 

A rrumber of alternative methods have been proposed to characterize the 

percolation properties of 60US and to help in pred.:i.ct:tng the expectable 

behavior of BeWsse di.sposaJ. systems in different locations. Perhaps the 

simplest method is to :impound water over the surface or :inside a bor:l.ng 

and to observe the rate of in:f'Utrat:i.on of the water into the soil.. This :i.S 

the principle of' the method known in Wi.sconsi.n as the State Percolation Test, 

and specified by law as the standard criterion for the installation of 

septic tanks. 

Unfortunately, such :I.nf:l.1tration te sts, though they are simple and easy 

to J;a':f'orm, cannot be expected to yield reUable information on the hydraul:!.c 

behavior of' the soU. The results of al\Y such test depend on the initial 

conditions (e.g., soil moisture content andtens:l.on) and on the boundary 

cond:i.tions (e.g., the si.ze, and depths of the impounded area, the depths 
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of the soil. and the water table) which prevail at the time and si.te of the 

test. Hence the results of such tests are often arbitrary even when the 

method of performance is highly standardized (whi.ch, in any event, isn't often 

the case). 

Inherently superior and more reliable are methods which measure intrinsic 

physical propert:!.es of the soil. Such measurements should be essentially 

independent of' the way they are measured (provided the method is physical.l.y 

sound) and therefore more reproducible and characteristic. The most perti.nent 

soU phys:!.cal property to measure in connection wUh seepage systems is the 

hydraulic conductivity, whi.ch is def:l.ned as the rate of flow through a unit 

cross-sect1.onal area of soU per unit hydralilic head gradient. 
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Numerous techniques are now available for measuring hydraul.ic conductivity, 

both in the laboratory and i.n the field. In principle, field methods a:reto 

be preferred, since they can give values more rearly pert:!.rent to the actual 

behavior of the soil :I.n Situ, while laboratory methods recessarily entaU 

some disturbance of the soU sample as it is removed, transported, and 

subjected to the test:!.ng procedure. 

1be most convenient field methods for measurement of hydraul.ic conductiVity 

apply to the soil below the groundwater table wh:l.ch is al:Ways in the saturated 

state. However, in most 1.ocations where sewage disposal. systems are l:1.kely 

to be pl.anned the water table is fairly deep, and we &'e concerned with 

the hydraul.ic properties of the soil above the water tabl.e. 

Under such conditions, hydrauli.c conducti.Vity can be measured either in 

the saturated or i.nthe unsaturated soil cond:l:tion. libr the conductivi.ty 

at saturation, a conveni.ent method is the one of Bou:wer, to be desai.bed 

subseqnent.ly. However ,the information obtained may not apply for predictive 

purposes where the percolating water 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 phys:l.cochemical and bi.ochemical. processes). Under such 

condit:l.ons, the seepage process can be expected to take place in a primarily 

unsaturated soil. Evaluation of the unsaturated hydraul.ic conductivity is 

in general more dii'ficul.t, since it depends on the suc·tion of soil-water,--

a property which i.s dii'fi.cult to control and even to measure in practice. 

Recently, however, a method has been proposed (Hillel. and Gardner, 1.970) 

which offers a simple way to eval,uate the unsaturated conductivity 

characteristics of a soil in Situ. 



2.2. State percolation test 

SoU percolation tests closely resemb1.ing the current State 

Percolation Test, have been used sincethe1r introduction by Henry :Ryon 

ca. 1.926, McGauhey !!:. !!:1., 1963. The test estimates the suitabi1.1ty of 

a certain si.te for a septic tank system. A detailed description 

of the Wisconsin test is to be found in the Register of the State lloa.rd 

of Heal.th of Wisconsin, November, .1969 Chapter H. 62.20: Private 

domestic sewage treatment and disposal systems. This chapter :I.s 

reproduced here. 

8 
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(0) Vacuuflt-breakew. If the water supply inlet cannot be raised 
ab"ove th~ maximum possible water level, an approved type of vacuum· 
breal ... er shall be Installed between the control valve and the fixture 
m such manner that no back-siphonage IS possible under any degl~ee 
of vacuum m the water lines and with water in the fixture at the 
maXlmUln possible water level. For positive protection each such 
fixture shall have a vacuum-breaker Installed 4 inches above the 
maximum water level. 

(d) Maximum. water le1Jel. The maximum possible water level re
ferred to heretofore shall be construed as the hejght to which water 
can riRe in a fixture, tank or vat before it flows freely into the open 
atmosphere above the fixture rim Or through adequate size openIngs 
so designed as not to be obstructed by debrlS or waste matter. 

(e) Impure liquids. Fixture contents against which back-slphonage 
protection shall be maintained mclude all pol1utional l11atcl'ial, sew~ 
age, waste water, processing liquids, chemicals, and all water and 
other liquids whlch can be polluted at some time or other. 

(5) SPECIAL EQUIPMENT PROTECTION. All water supply eqUipment 
and appliances serving special fixtures shall confonn with the intent 
and purposes of this section. Any unusual use" for water, as for air~ 
conditioning equipment, hydraulic elevators, presses, fountains, etc., 
shall be glven spec1al consideration in relation to possible pollution 
of the pure water supply system. 

(6) IMPROPER LOCATION OF SElVERS AND DRAINS. 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 SUPPLlES. The maintenance of a pressure system 
of water supply whose purity is questionable, such as cistern water, 
in the same building in whi('h 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 processmg. 
The pipmg 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 cross
connection. No cross-connection shall be made between piping con
nected to a public water supply system and plping .of a private water 
supply system. See H 62.22 (40). 

H 62.20 Private domestic sewage treatment and disposal systems. 
(1) APPROVALS AND LIMITATIONS. (a) Allowable use. Septic tank and 
effluent absorption systems or other treatment tank and efHuent dis.
posal systems as may be approved by the department may he 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. I 

(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 pnvate system and be connected to the public sewer. 
All abandoned septic tanks and seepage pits shall have the contents .1 
removed and shall be unmediately filled with satld, gravel 'or slIni1::!!' 
material. I 

Register. November. 1969. No. 161 
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(c) Plan. and a".cij!catian •. 1. Public buildings. Complete plans 
and specifications shall be submitted to the department and written 
approval received before letting contracts or cotnmencmg 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
with are: 

a. Theaters and assembly halls 
b. SChools and other places of instruction 
c. Apartment buildings, hotels and places of detentidn 
d. Factories, office and mercantile buildings 
e. Mobile llome parkS, camp grounds and eamping resorts 
f. Parks 

2. Local approval. The approval by county or other local govern
mental agency shall not exempt the reqUirements for state approval 
for the Installation of sewage treatment a'nd disposal systems serving 
public buildings. 

3. SubmIssion of plans and specifications. All plans and specifica- : 
tions shall be SUbmitted in triplicate and shall include the follOWing: 

a. Detailed plan of the proposed septic tank or treatment taIlk and 
effluent disposal system shOWing building location with all lateral 
distances mdicated, Including distance from building served to system, I; 
f. rom system to weI!, lot line, lake~ stream or ~ther watercour~e. _ 

b. Lega.l deSCl'lptlon of the property on which the system is to be 
iDoStalled. 

c. Soil bori'ng and perCOlation test data. 
d. Ground slope and lot size. 
e. Complete data relative to the expected use and occupancy of the 

building to be served.. 
4. Availability of plans. There shall be maintained at the project 

site one set of plans bearing the department's stamp of approval. 
(d) Specific limitations. 1. c€'SSpools. Cesspools are prohibited. 
2. ReVIsed plans. Approved plans and specifications shall !not be 

reVIsed except with the written approval of the department. 
3. Industrial wastes. When industrial wastes are mtended to be 

disposed of by soil absorption, the deparbnent shall be consulted as 
to requirements. 

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

(2) SOIL TESTS AND SITE REQUIREMENTS. (a) Soil. tests sup"""won, 
Soil bormg and perCOlation tests shall be mad~ by or under the direc~ 
tion and contl:ol of a master plumber, or master plumber restricted 
licensed In WisconSin to install private sewage disposal systems or an \ 
engmeer, architect, surveyor or sanitarmn regIstered In Wiseonsm. 
Certification of the tests shall be signed by the person providing I 
supervISIon and control on blank forms furnished by the department. I 

(b) PercolaUon and boring tests. The SIze and design of each pro
posed soil absorption system shall be determined from the results of 
soil pCl'colation tests and soil borings conducted in accordance with 
this section. At least 3 percolation tests shall be conducted with the , 
holes located unifonnly over the area and to the depth of the pro- I 
posed abaorption system. At least 8 soil borings sball be dug to a depth I 
Register, Nov~mbor. 1969. No. 161 

\0 



STATE BOARD OF HEALTH 245 

at least 3 f""t below the bottom of the proposed system. The borings 
shall be distributed uniformiy in the area of the proposed system. 

(c) Septic tank locat'ion. No tank shall be ioeated 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~ l'cservoir, swimming pool or the high i 
water mark of any Jake, streall1, pond or flowage. Where practicable, I 

greater distances should be maintained. 
(d) Soil absorption site. 1. Location. All soil absorption disposal 

systems should be located at a point lower than the surface grade 
of any nearby wawr weli. '1'he soil absorption system shall be located 
not Jesa than 25 feet from any building, dwelling or cistern, 50 feet I 
from a'ny water wen~ reservoir or sWimmlng pOOl, 5 feet of any lot 1 

line, 25 feet of any water service or 50 feet of the high water mark , 
of any lake, streahl or other watercourse. Where possible .. greater I 

distances should be maintained. I 

2. Percolation rate-trench or bed. A subsurfa.ce soil absorption I 
system of the trench or bed type shall not be installed where the 
average 'percolation rate of the 3 tests for the site is slower than 60 
minutes for water to fall one Inch. 

3. Percolatidn ra~seepage pit. For a seepage pit, percolation tests 
shall be made in each verticaJ stratum penetrated below the inlet 
pipe. Soil strata in which the percolation rates are slower than 30 
minutes per inch shall not be included in computing the absorption I· 

area,. The average of the results shall be used to -deternune the, 
absorption area. 

4. Flood plain. A soil absorption system shall not be installed in a 
flood plain. 

6. Slope. The sl)il 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 located at 
least 20 feet from the top of the slope. 

Class 
1 ____________________ _ 
2 ____________________ _ 
3 _____________ _ 

Minutes Required for Water to 
Fall One Inch 

Shallow Absorption Deep Absorption 
Systems Systems Slope 

Under 3 Under 2 20% 
3 to 45 2 to 30 15% 

45 to 60 30 to 60 10% 

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 bedl'ock. There Shall be at least 3 feet of soil 
between the bottom of the &oil abSorption system and high ground 
water or bedrock. 

(3) PERCOLATION 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 inchea 

(b) Preparation of hole. The bottom and sides of the hole shall 
be carefully scratched with a sharp pointed mstrume'nt to expose the 
natural soil interface. All loose materla! shall be removed from the 

Register. November, 1969. No, 161 
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bottom of the hole whieh shall then b. eovered with 2 Inch .. of coarse 
sand or gravel when necessary to prevent scouring. 

(c) Test procedure, sandy soils. 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 mches over the gravel and the time tor this 
amount of water to seep away shall be determined. The procedure 
sllall be repeated and if the water from the second filling of the hole 
8:t least 12 mches above the gravel seeps away In 10 minutes or less~ ! 

the test may proceed immediately as follows: "Vater shall be added 
to a pomt 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 shorter intervai between measurements 
shall be used, but in no case shall the water depth exceed 6 Inches. 
The final water level drop shall be used to calCUlate the percolation 
rate. Soils not meeting the above requirements shall be tested as in 
subsection (d) below. 

(d) Test '/YI'ocedure, othe-r soils. The hoie shall be carefully filled 
with clear wa.ter and a minimum water depth of 12 inches shall be 
maintamed above the gravel for a 4-hour penod by refilling when
ever necessary 01' by use of an automatic slphon. 'Vater remaining 
In the hore after 4 hours shall not be removed. The soil shaU he 
allowed to swell not less than 16 hours or more than 30 hours. Imme_1 
diately follOWing the soil swelling period, the percolation l"ate 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 l't'ference pOjnt, the water level 
shall be measured at 30-mmute mtervals for a period of 4 hours 
unless 2 successive water level drops do not va1'Y by more than n of 
an inch. The hole shan be filled with clear water to a 'Point not more 
than 6 inches above the gravel 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 1 
level drop. \Vhen the _first 6 inches of water seeps away in less than \ 
30 nllnutes, the time interval between measurements shaH be 10 mi'n.- . 
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 durmg the final measurement perIOd shan be used In caleu- 1 
lating the percolation rate. i 

(e) Verifiration, 1. Physical characteristics. Depth to high ground I 

water and bedrock, ground slope and percolation test 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 particular reference to soil color and seque'nce 
of horizons. 

2. FiIling. Where the natura! soU condition has been altered by 
filling or other attempts to improve wet areas, verification may re
Quire observation of high ground water levels under saturated soH 
conditions. 

Note, Detailed soil maps are of value tor determining estimated 
perCOlation rates and other soil characteristics. 

(4) TREATMENT TANKS. (a) Design. 1. General requirements. 
a. Septic tanks snaIl be fabricated or constructed of welded steel, 
monolithic concrete or other materIalS approved by the department. I 

R~glster, November, 1969, No. 167 

b 
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All tanks shall be watertight and fabricated so as to constitute an 
mdividual structure. 

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

c. Plans for si~-constructed concrete tanks shall be approved by I 
the department prior to construction. 

d. The liquid depth shall not be less than S feet nor more than an \ 
average of 6 feet. The total depth shall be at least 8 Inches greater I 

than the liquid depth. i 

e. Rectangular 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 iess than 
48 inches. , 

g. Each prefabricated tank shall be clearly marked to show liquid 1 

capacity and the name and address or registered trademark of the _ 
manufacturer. The markings shall be inscribed into or embossed on 
the outside wall of the tank immooiately above the outlet opening. , 
Each site~constructed concrete tank shall be clearly marked at th, e I' 

outlet opening to show the liquid capacity. The marking shall be 
jnscribed into or embossed on the outside wall of the tank Immediately , 
above the outlet openmg. 

h. Precast concrete tanks shall have a minimum wall thickness of : 
2 inches. 

2. MaterIals and jOints. a. The concrete used in constructing a pre· 
cast or site-constructed tank shall be a mix to withstand a com~ 
presslve load of at least 8,000 pounds per square inch. All concrete 
tanks shall be designed to withstand the pl'essures to which they are 
subjected. 

h. 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 In the lower section of the jOint. The width of 
the key way shall be approxImately 80% of the thickness of the 
sidewall with a depth equal to the width. A continuous water stop 
or baffle at least 6 mches in width shall be set vertically in the jOint, i 
embedded one-half its width in the concrete below the Jomt with the 
remaining width in the concrete above the joint. The water stop Ol 

baflle shall be copper, neoprene~ rubber or polyvinylchloride designed 
for this specific purpose. 

c. JoInts between the septic tank and its cover and between the 
septic tank cover and manhole riser shan be tongue and groove or 
shiplap type and sealed watertight using neat cement, cement Ol 

bitummous compound. 
d. Steel tanks shaH be fabrIcated of new, hot rolled commerciai 

steel. The tanIes, including cover with rim, inlet and outlet collars 
and manhole extension collars shall be fabricated with welded joints i 
in such manner as to provide structural stability and watertightness. 
Steel tanks shall be coated, mside and outSide, In compliance 
with the U. S. Department of Commerce Commercial Standard 177. 

Register, November, 1969. No. 161 
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FIG. 2·3.2 Measurement of the hydraulic conductivity with 
the Bouwer Double-tube apparatus. 





2.3. In situ measurement of saturated hydraulic conductivity: The :Bouwer 
double-tube method. 
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This method i.s a standard procedure for measuring hydraulic conductiv:l.ty 

of saturated so11, liell above the groundwater table (:Boersma, 1965, in: 

Methods of So11 AnalySiS, Part 1, p. 234). With the Double tube method, 

two concentric tubes are inserted into an auger hole and covered by a lid 

with a standpipe for each tube. (fig. 2.3.1..) Water levels are mainta:1.ned 

at the top of the standpipes to create a zone of pOSitive water pressures 

in the soil below the bottom of the hole. The hydraul.ic conducti.vit.y (K) 

of th:i,s zone is evaluated from the reduct:i.on in the rate of flow from the 

inner tube into the soil when the water pressure inside the inner tube is 

allowed to become less than that jon the outer tube. This is done by stopping 

the water supp.ly to the inner tube (closing valve a) and measuring the rate 

of fall of the water ,level in the standpipe on the :I.nner tube whi.le keeping 

the standpipe on the outer ,tube full to the top. This rate of fall :i.S less 

than that obtained in a subsequent measurement in which the water level in 

the outer tube standpipe is allowed to fal,l at the same rate (by man:lpulating 

valve b) as that in the inner tube st.andp:i.pe. The difference between the 

two rates of fal.l :I.s the basis of the calculation of K. 

Procedure: 

The different stages of the method w:!.ll. now be explained in more detail 

with reference to the numbers on the included pictures. (fig. 2.:3.2) A large 

auger, with a diameter of 1.0 :I.nches (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 soU is removed from t.he hol.e. Before using the 

hole cleaner (4) the outer tube (8) :I.S forced down into the hole. It :I.S 

often necessary to widen the hole l.ocalJ,v to make this possible. Th:!,s:is 

done with a scraper, not pictured here. When the outer tube :I.s found to fit 
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well i.t is temporarily removed again. The hole cleaner (4) is gent.ly forced 

into the soil. at the bottom of the hole. If the soil is dry, premoistening 

of it ~ be necessary. The thin metal f'i.ns of' the hole cleaner should 

penetrate about 2 em into the soil. Next, the hole cleaner is :pulled out 

of the hole with an upward cork-screw movement that prevents smearing the 

soU surface, as would ha;p:pen if the cl.eaner were turned without being pulled 

up at the same time. !!be detached mass of soil is up-ended for observation 

of the natural. broken surface of soil held between the fins. A corresponding 

natural broken soU surface is left at the bottom of the hole. 

The outer tube (8) is forced down as evenly as possible about 5 em 

into the soil at the bottom of the hole (13). This may require caref'ul 

blows of a sledge hammer on a wooden cross-pi.ece. Contro.l. of the di.stance 

is by measurement from a fixed hor:i.zontal reference rod (1.5). WHh a vacuum 

cleaner (5), powered by a portable electric generator (6), l.oose soil 

fragments are removed from the bot tom of the hole. This bottom surface is 

then covered with a thi.n (1 ern) layer of coarse sand (7) on top of wh:l.ch a 

ba:t':f'.le is laid (12), with attached strings looped over the top of the tube. 

The outer tube is s:lowJ,y fUled with water (14). The energy breaker and 

sand layer protect the natural soil. surface from erosi.onby the turbulent 

water. Then the inner tube (9) and the top plate (10) whi.ch has two basal 

standpipes .leading to the inner tube and outer tube , respectively, and 

* three val.ves (a, b and c) are assembled i.nto one fi.xed uni.t (16). A speci.a1 

wrench (ll) is used to tighten a ring with washer inside the inner well. of' 

the top plate (1.0). This binds the inner tube to i.ts standpipe. 

* The functions of the three valves are explained as fo'uows. Starting with 
the valves cl.osed, they can be manipulated in the course of the experiment 
to control the flow of water. Open:i.ng val.ve c allows water to flow into 
the outer tube basal standpipe which is situate~ between va.lve c and valve 
b. Opening val.ve a adlmlts water i.nto the :!.lJiJertube basal. standpipe. 
Opening valve b bleeds wa:ter from the outer tube standpipe, which can be 
isolated from the water supply by cl.osing valve c, and from inner tube 
standpipe by c1.os:i.ng valve a. 
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The distance of' the bottom of' the inner tube :f'r0ln the top plate sl1oul.d be 

sO spaced that the bottOln of'the inner tube wil.1. be onl,y a f'ew em above the 

sand when the assembl¥ (16) is set into and attached to the outer tube. 

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

When the outer tube is br:lm full. and water starts streaming between the 

loose top plate and the upper r:lm of' the outer tube, the bolts are tightl¥ 

screwed, closing down on the gasket. This procedure f'lushes out air, avoiding 

its entrapnent on the under side 01." the top plate. Valve a :l.s now opened to 

admit water to the inner tnbe basal standpipe. Then the connection between 

the top plate and the i.nner tube is loosened again. The inner tube slides 

downwards to the soil. surface. The sliding distance should not exceed a few 

em in order to avo1.d turbulence that might d:l.sturb the so1.1 surf'ace. The 

i.nner tube i.s pushed down about 2 em into the soil.. In the meantime water 

is continuously entering the system i.n such a quant:l.ty as to keep both tubes 

f'Uled all the time. Overf'l.ow water that spUls onto the top pl.ate :from the 

outer tube basal standpipe (near valve b) is drained off the top plate through 

a brass tube and hose e~sion into a bucket nearby. The depth 01." penetration 

of' the inner tube i.s accurately measured usi.ng the reference1evel. (15). 

Next, the p.l.asti.c standpipes for the inner and outer tubes are fastened to 

the two openings in the top plate. For sl.ow i.n:f'1ltrations, a smaller :i.nner 

tube standPipe (ITS) :l.S used (R = 0.6 em); for l.arger ini'il'trations a l.arger 

one is used (R .. 1.85 em). Val:ve c is then opened enough to ensure a sUght 

overflow at the top of the standpipes. 

Tlvo types of' readings are made, usuall¥ starting one hour after applica

tion of' the water: 1. The outer tube standpipe (CIl'S) - full measurement (17). 

Valve a is kept closed, as is, of' course, valve b. 2. The equal-level 

measurement (1.8). Valve a is closed and valve b is opened, but with obstruc

tion by the fingers at the open end of the pipe, in such a wa:r as to synchronize 



the drop of the water level in the <Y.i'S with that i.n the ITS. Eight stop 

watches are started simultaneousl,y at the beginning of a reading. One 

watch at a time is stopped as the water level. in the ITS reaches a mark on 

the tube. ~e marks are spaced 5 em apart over a total distance of 60 em. 

18 

Elapsed time is recorded in tenths of a second. The readings over a distance 

of 40 em should yield a d:Lt'ference of at least 6 seconds between two measure-

ments; that :I.s, between one <Y.i'S-f'ull, measurement and the average val.ue of the 

preceeding and the next equal-level measurements. If the time difference 

is less than 6 seconds, measurement should be extended to , say, 60 em and 

readings made within the lowr 40 em interval, thereof. ~e measurements are 

repeated at regular time intervals until the rati.o ,.,t/t2 eq. level becomes 

constant (Bouwer, 1962). 

A constant ratio may occur after a period varying from one to four hours. 

~e constant ratiO is supposed to indi,cate sufficient saturation of the 

soU below the tubes. The intervals between successive measurements shoul,d 

be approximately ten times as long as the time requi.red for each separate 

reading, or 15 minutes (Baumgart, 1967), whichever is the shorter ,to a),low 
cv 

reestablishment of equili.brium. ~e two f:i.na1 curves obtained (fig. 2.3.3.) 

differ because of flow of water from the outer tube into the inner, dur:!.ng 

the <Y.i'S-:f'ull measurement. 

K is calculated accordi.ng to the equation: 

where: H '" difference :i.n hydraul,ic head H between both curves at anytime t. 

Hdt '" surface below OTS curve (to be determi,ned graphically) 

Ff '" 1'1.ow factor, to be read from tables, expressing the influences 

of the dimensions of th!;! system and the depth D to a Jayer 
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OOUBLE TUBE TEST Soil Typel Maasuremms. 

Date I A~ S", i'lbq Depth holel 55CM A- \~o.()em 

Looationt ~t +v-- ~so-- Horizon: 'f:>2- c- l!8.b em 

Code no.: \-tv.~ \: '2.. Tube radii I 
l.T.'" '1 \.jl~ om 

Operators: i>ou-VYt 1'\ HOLe 
O.T.:. 25".0 em 
I.T." 11.(.4 

O.T.::e ~o.C> em 
Tins water started: 12..°0 

em 
Rv .. 0.6 em d- 2.6 em 

Temp. Water: 20 oc 

t \.'1 S" \. $5 2.0S" 2..! 5 2..2.5' 2.. ~ S" 2.\.j'> 2.. S' 5' ~.DS- 3. IS" 3. 2 S' 3. as-

11 OTS-c Eq-lev. OTS-o Eq-l.ev. 0'1'5-0 Eq-1ev. 0'1'5-0 Eq-1ev. OTS-c Eq-leve1 ars-o ~-lev. .-
I 

0 , 1..1 , 
~·1 

• 4·2- q y.?. S-.l. S.~ ,.L b,,?-
4·~ y.~ LJ· ~ 

10 ,·1 u 9·1 10.0 lo.~ II. 0 1i.2 12. ... ., .{ ~.o '(.2- 'J.S 
l!> 11.· 0 II. 11..0 13.0 !3.~ Iii.! IS.8 Is.o Ib.lo lb. J 18.2 18.~ 

20 Ih.~ IS'.> 18.2. 17" 19.' 2.4.8 2.$".' 2.0.0 ['t. o <.0.,\ 1..1...0 .. 3.0 2, 'lo.~ 2..0.0 ·P·1 2. :; .• 2..lJ .• 2.'.0 32. .s- !; 1. "2-

30 25'.% 29.8 2.7·L> z.'1.~ 
2.'-1S 2.~. 0 '2..1l.~ 2,.9., 

"4.2. 31. {; 30. 0 31.8 3?,. <. 3"t. 8 ?>q.1.j 
3, 31·1 2...9.8 ?,~. ~ 33·0 35'·1 ?'7· ~ 

3$'.2 
37. 0 37.' '-I '2.. , lj 2. 0 4&·'1 'i1- 0 

40 ,37. 0 34·1- 41.'2.- ?'td <t 2.. " 4 'j.t. liS',. Ll L,,4 -=-'0.0 U <J.<I 5'9.0 S'5' .0 

I 
0 1,.0 

b.l. , 12.. 'l 
10/ 1'1. 0 

12.0 

1, '2..6.1,. L&. t. 

20. 3~.8 2.5' .0 

25 Lj I . i ';1 . ~ 
. . 

30 5'o.ll &1. 2 

35 1,\.0 
\17. 0 

40 .;-z;. I 8 

t ;.4"\ .3 .56 \ , , I 
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with a much sma.l.ler or h:!,gher permeabj . .1ity. When D is several 

times larger than the d:l.ameter of the :I.nner tube (Rc) a 

23 

general set of curves may be used to estimate Ff (see f:!.g. 2.3.3b). 

'lhe flow factor deviates usually onl;y sl1ghtJ,y from unity. 

A more convenient method of calculation was suggested by Bou;Jer (1962) 

using the ratio: 2",t/t2 eq. level instead of ",HI J Hdt. 

The ratios obta:!ned for the final set of data are extrapolated to zero, 

to correct for the decrease in infiltration that occurs during ·the equal. 

level reading, due to the gradual decrease of hydraulic head. (see example 

of fiel.d data sheet and calculation). Aside from K val.ues, in:f':!.1:tration 

rates can also be calculated from the equal level. curve, considering the 

inner tube as a buffered cylinder infiltrometer. These f:lgures ;Jere 

calculated for our soils. (see data sheets sec. 3.1) The values are very 

high because of the bigh hydraul.ic pressure of at least 150 em. 'lhese 

infiltration data therefore are onl;y supplementary. A realistic :I.nfiltrometer 

woul.d use much I.ower hydraul.ic pressures. 

2.4. Measurement o:f saturated hydraulic conductivity with soil cores 

Such measurements are generally based on the collection of represent··· 

ative, "undisturbed" cores o:t soU from the :field. This is usual.ly carr:i.ed 

out by means of cyl.indrical. core samplers, equ:!.pped with a cutting edge, and 

pushed or hammer drlven into the soH. The ring containing the samp.l.e ("the 

retainer") j.s then taken i.nto the laboratory, rigged into a permeameter and 

saturated. Measurement of the hydrauUc conductiv:l:ty can be carried out 

either by the constant head or falling headtechn:l.que. Provision should be 

made to prevent, or at least minimize, boundary flow along the i.nner wall 

of the retainer. 
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Procedure: 

The measurement was performed according to the standard procedures 

described by Klute (1967) in Methods of Soil Analysis I (p. 210) with 

only a few modifj,cations. 

25 

Undisturbed soil cores, with a surface area of 44 cm2 and a height of 

9 em were collected j,I'l cylinders with a he:lght of 10 em and pushed i,nto 

the soil to 9 em depth. These cylinders are relatively large (cylinders 

of 100 em3 are :I,n general, use in Europe) and were chosen to m:inimize 

vari,ation among individual, samp,les. When the soil material in the profile 

was dry (with suctions higher than 0.5 bar) slight rewetti,ng of the soil 

material in sj,tu before sampling was found to reduce soil disturbance 

during sampling. For the same purpose the empty cyl:!nders were immersed 

in water before sampUng in order to reduce the resistance between the 

soil and the wall of the cylinder when pushed into the soU. The cylinders 

were pushed steadily into the soil at right angles to the soil surface. 

Pushing, whenever pOSSible, was found to be preferable to hammering. Natural 

soil surfaces on both ends of the core were obtai,ned by breaki,ng both 

ends of the core (the upper end at about 1 em below the edge of the 

cylindricaJ. retainer). The cyli,nders were placed in a container and the 

water level was raised about 0.5 em above the top of the core. At least 

48 hours were a1~owed for saturation. Measurements were then made of 

hydraulic conductivi,ty (see figure 2.4). Our apparatus had twelve uni,ts, 

permitting the measurement of twelve samples Simultaneously, ei,ther in 

the laboratory or i,n the f1.eld. A constant hydraulic head of 1. cm was 

maintained on top of the sample, w:l.th the aid of an inverted burette 

(Mariotte) device. (see Figure 2.4.) To avoid boundary flow along the 

vertieaJ. inner walls of the cylinder during the measurement, water was 



not collected from the full bottom of the cylinder (44 cm2 ) but from a 
2 

slightly smaller area (38 em ). This was accomplished by gently pushi.ng 

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 sHes was neglig:i.ble. Nevertheless 

th:!.s device was used in all. experiments to exclude any chance of boundary 

flow. 

Hydraulic conductivi.ty K was calculated accord:l.ng to: 

K = (Q/A . t) • (L/~H) 

where Q = outflow (cm3) A = cross sectional area of outflow (38 cm2 ) 

t = duration of measurement L = length of the sample I1H = hydraulic 

head difference across sample. 

Measurements were made conUnuously until the rate of outflow 

became constant with time • Large worm and root channels caused a hi.gh 

conductivity i.n vertical cores. The same samples were al.so measured 

with these channels plugged by means of small. rubber stoppers. 

2.5. In situ measurement of unsaturated conductivity 

2.5.1. Introduction 

The j,nfUtratjon of water into the soil is strongly reduced if a 

surface crust develops, clOSing relati.vely large pores present in the 

original soil, surface. Such a reduced value would represent some unsaturated 

conductivity of the soil material. Under natural conditions of infiltra-

tion, exposed 60:!.1 surfaces will rarely be without a crust. Impact of 

raindrops, slakj,ng of soil fragments when wetted, and the sedimentation 

of particles from the water or liqui.d waste, in the upper part of the 



FIG. 2.5·2 In situ measurement of unsaturated conductivity 
(explanation in text). 
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soil, may all contribute to the formati.on of a superf:!.cial. crust. ~is 

feature wiD. govern the rate of i.nfiltrati.on of liquid i.nto the soU 

materi.al itse.1i'. Soil crusting is particularly likely to occur in 

sewage-disposal. trenches. Digging of the trench in soil of relatively 

high moisture content may lead to puddli.ng of the soil. at the bottom of 

the trench • Soil fragments may slake when the sewage moves into the trench. 

Finally, solid particles and sludge from the sewage may clog the soil 

surface. 

The method described by Hi.llel and Gardner (1.970) for measuri.ng the 

hydraulic transmission properties of a profile, as a function of water 

content or suction, iIlVolves a series of i.nfiltrati.on trials through 

capping plates (or crusts) of di.fferent hydraulic resi.stance. The effect 

of this resistance is to induce development of a suction at the surface 

of the infiltrating co.1.umn. A measurement of the unsaturated (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 progressively lower res:i.stance can give progressively 

hi.gher K values corresponding to hi.gher water contents, up to saturation. 

Such a seri.es of tests can be carried out if the soil is initially fairly 

dry, either successively i.n the samelocat:!.on or concurrently on adjacent 

locati.ons. 

2.5.2. Procedure (see photographs on adjacent page) 

A horizontal plane (at least 50 X 50 em) was prepared at the required 

depth in the pedon, by nsing a putty knife and a carpenter's leveL A 

large cylinder, with a height of 10 em and a diameter of 25 em, sharpened 

at the lower edge, was pushed into the horizontal. soil surface to a depth 

of appro 6 cm. The crust material was prepared and applied to the soil 



surface and spread out evenly to create a crust of uniform thickness. 

Special. care was given to create a close contact with the wal.ls of the 

cylinder. Crusts of this type were applied i.n several thicknesses • 

Another type of crust having a lower resl.stance, was created by crumbl.1.ng 

friable soil in an even, thin layer on the hor1.zontal surface. When water 

was poured over this, slaking occurred. ~:!.s formed a continuous, though 

still. porous crust with a concentrate in its upper surface of very fine 

partlclss that had been thrown into suspension by the turbulence of the 

water that was poured onto the crumbled so1:1.s. Thus a continuous seal 

was f'ormed. 

A shal.low hydraulic head of about 2.5 cm 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 inf'il trat:i.on rate into the soil below the crust. After the 

inf'iltratton rate had remained virtual.ly constant for a period of at least 

4 hours, it was assumed that a steady state of inf'tltration had been 

reached, and the experiment was stopped. This inf'Utration rate was in 

fact the unsaturated K-value at the actual. moisture content, and suction, 

of the soil below the crust. During all measurements the cylinder was 

covered with alum:!.num foil to prevent sign:i.f:!.cant evaporati on of the water. 

After the measurement, the water was removed from the crust and the 
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so:!.l bel.ow the crust was sampled in 5 em increments with a smsll tube auger. 

The samp.les were immediately stored in air-tight moisture cans and transported 

to the laboratory, where their mo:!.sture content was determined. Separately 

from this, undisturbed cyl.:!.ndrical fiel.d samples measuring 2.5 em in he:!.ght 

and 7.5 em in diameter were collected :!.n cyl:lnders from all. :l.nvest:l.gated 

horizons for the determ:!.nation of the relat:!.onship between suction and moisture 

content. noe values were obtained by desorption of' initial.ly-saturated sampl.es 
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in a pressure chamber to suction vaJ.ues of 0.01, 0.0.3, 0.1, 0.3 and 1 bar. 

we found thl;l,t the particular procedure followed to saturate the still moist 

or slightly moist field samples influenced the magnitude of the measured 

values considerably. :Dmnediate saturation often induced very pronounced 

swelling, particularl.y in the sUty cl.l;I.y loam soils. The moisture contents, 

after desorption to the different suctions, proved .later to be relat:l.vely 

high. However, when the samples were wetted sl.owly to a mOisture content 

corresponding to approximately 0.01 bar before t'ul.l saturation, this swel.1ing 

process proved to be less marked. 

Foll.owing the relationship A (moisture content) versus h (suct:l.on), 

each moisture content below the crust could be trans.lated :I.nto a certain 

suction vaJ.ue. Th:i.s procedure disregarded the hysteresis effect. When a 

re.lative1y dry soil :i.s moistened at a certain suction, the moisture content 

at equil.ibrium is generall¥ lower than that after desorbing the Similar, but 

initially saturated soil, to the same suct:i.on. The experimental conditions 

of the crust test will most1y involve the wetting process. We therefore plan 

to use tensiameters j.n the experiments of next season. There instruments will 

measure the ten$ion bel.ow the crusts directly. The iJliportant rel.ation between 

K and the suction can then be determ:l.ned direct.ly in the field. 

2.6. Additional analytical measurements 

Bulk density of natural cores, sampled in the field, and particle 

denSity were determined by methods described by G. R. Blake (i.n Bl.ack, 1965, 

p. 375 and 371). Particle size distribution analysis was done by the method 

of Day (1957). Soil reaction and available p1.ant nutrients were determined 

in the State Soil. Testing Ie.boratory of the Department of Soil. Science, 

UniverSity of Wisconsin, Madison. 

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

According to the Soil Survey Manual (SSM) (1951) p. 225, soU structure 

is defined as "the aggregat:i.on of primary soU particles, whi.ch are separated 



from adjoining aggregates by surfaces of -weakness", When no peds (def:!,ned 

as :!,ndividual natura], soil aggregates) can be dist:!,ngu1shed, a soil. mat

er:i,al, is considered "structureless", 
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In a soil. material, composed of peds, three characteristics are noted: 

the shape and the size of peds, and the grade of structure. Observations 

are made by studying na'tural soil surfaces both before disturbance (in sHu) 

and afterward. 

Shape. The classification of shapes of peds is rather general, :I,n the 

SSM, and new systems have been proposed (Jongerius, 1957, Brewer, :1964) 

where a much more detailed class:l,fi,cation of shape i,s followed. While such 

very detailed systems may fit the needs of specific investigat:!ons, the very 

comp,lexity of the detailed systems discourages general and uniform appl:!,

cation. 

~. A classifi,cation of sizes is admittently arbitrary. The SSM 

classes, however, are sufficiently detaUed for general, use. 

Grade. The description of "grade of structure" off'ers speci.al, di,f'f';l,cul,ties. 

Grade is des=i,bed in the SSM as "the degree of' aggregation", noti,ng 

essentially the dif'f'erence between cohesion in peds and adhes:!,on between peds. 

A high cohesion combi,ned wi:th a low adhesi,on yields a strong grade of 

structure, whereas low cohesi,on and high adhesion, on the cont rary, y:l,e1d 

a weak grade. Detailed f1e,1.d description of' "grade of' structure" 1.,6 a 

rather compl:l,catedprocedure i,nvolv;l,ng. 

1. Observation of a broken surface of' an otherwise undistur.bed soU 

mass that remains 1.!!~. 

2. "Disturbance" of' a volUlJle of soil" f'oU,owed by an estimat:i.on of' 

the amount of' entire peds, broken peds and unaggregated soil 

material, present af'ter the "di,sturbance". 



32 

Three grades are distinguished: weak, moderate and strong. In section 

3.5 these concepts will be critically dj.scussed, in eval.uating the data 

obtained. 

Water movement in soils occurs through pores. Types 01' pores, 

and their size and shape gO"1lrn this physi.cal. process that resul.ts from 

a gradient 01' the hydraul.ic potential.. HYdraulic conductivity 01' a porous 

body is strongly related to pore size (Childs, 1969). The amount of 

1'1.ow through a cyl:!.ndr!i.caJ. pore with radius r is gi.ven by: 

4 Q/t = gpnr /8'r1 

where: t = time, g = accel1eratjon 01' gravity, p = density of liqui.d, 

'1'1 = viscosity of the liquid and ¢ = hydraulic potential. 

The amount of 1'low through a pl.ane slit of unit length and width D is 

given by: 

Q/t =- grad ¢ 
12'r1 

Both formulae demonstrate the strong i.ncrease 01' 1'10w with increasi.ng 

pore size. 

In a natural. soil. materi.aJ. planar voids occur between peds. The 

pictures in Appendix 6.1 demonstrate that more of' these voids are present 

in a certain 601.1. surf'ace when the peds are small. S1.zes and shapes of 

peds determine the morphology of' the pores in between. The width 01' the 

pores will vary with moisture content, as a result 01' swelling and shrinkage. 

A qualitative comparl.son between measured K val.ues and soil morphologj.cal 

1'eatures is presented in section 303.5. Investi.gations to establish more 

quantitative relationshi.ps based on the aforementioned equations and on 

mo:rphometric data are in progress. 
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Procedure: Counting macro channels in the natural Boil profile 

Since1.)l60, counts have been made in the Netherlands of the amount 

and the sizes of vertical. channels in soD.s. Slager (1.964) summarizes 

these procedures. He introduced the term, "b:l.opore" for thin cylindrical 

channels presumably formed by worms or roots. The use of the term b:iopores 

has caused some con:f'us:l.on, since it emphas:l.zes genesis rather than pure 

pore morpho.logy. We therefore prefer to foll.ow Brewer (1.964), who describE!s 

channels as "voids that are s:ign:lficantly .laxger than those which would 

result fran normal. packing of single grains, and have a generally 

cy1.:l.ndrical. shape. They commoIilQ have smooth walls, regul.ax conformat i on 

and a relatively uniform cross sectional size and sh~ over significant 

proportions of their length. They may betranspedal or intrapedal.". 

Counting :iJnplies 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 em) is del.:!.neated 

w:I.th the point of a knife. 

2. The soil surface within the rectangul.ax area must be cl.eaned in 

order to obtain a fresh surface i.n Which the channels can easily 

be observed. This is done with a laxge pocket knife; small 

volumes of soil are pryed loose with an abrupt movement of the 

knife. A natural surface of breakage is thus formed. Empty 

pores w:I.th a morphology in accordance wi.th Brewer's description 

are counted. during this procedure, that conti.trues untU the 

whole area has been observed. A chart, picturi.ng the channel 

sizes to be d:l.stinguished (1-2 mm = fine; 2-4 mm = medium; 

> 4 mm = laxge) is continuously w:I.thin observation during the 

measurement, so as to ensure a constant reference. 



Each profile is thus characterized at 10 em intervals. The figures 

obtained can be plotted i,n a graph, picturing the occurrence of channels 

at a function of depth i,n each profile (see tables in secti,on :3.1) 

The occurrence of channels is im.Portant for roots of crops that may 

penetrate certain layers through these channels that woul,d have otherwise 

been unpenetrab1.e (Bouma, 1969). Channels may strongly increase the 

vertical permeability of the soil, particu1,arly in relatively smaU 

samples in which the channels are continuous. The Bouwer values are 

hardly ini'l,uenced by the occurrence of ,large channels. We think this is 

fortunate since at very smal,l suctions these relatively large voids wi,ll 

not contain water anymore. Thin crusts may render them useless as 

conduits of water, whereas the usual1,y smaller planar vo:l,ds between 

pe.ds may still be fUled with water. Another fact may prove to be 

important i,n our later experiments. Since channels wiU mostIs" be 

f:l.lled with ah', they will pl,ay an important role in the aeration of the 

soil. Clogglng of the sort caused by anaerob:lc processes in septic tank 

trenches can sometimes be alleviated by aeration. 

SoU Structure diagrams 

In the soU profile description, soil structure is characterized for 

each horizon separate1,y by noting grade, size and type of peds. Dutch 

morphol.ogists have emphasized the importance of the vertical succession 

of soil structural types in a profile. The practical soil physical, 

consequences of the structure of any particular horizon are :i,ni'luenced 

by the structures of adjacent horizons. The entire array of structures 

of a soil profi,le may be reported schematical1,y (see section 3.5). 

Jongerius pioneered this approach to soU structure but did not publish 

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. 



3. RESULTS AND DISCUSSION 

3.1. Tables for each pedon with soil profile descriptions and results of 
measurements. 
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llie foll.owing tables (3.1.1 - 3.1.7) present a summary of measurements 

made at the following locat:ions, respectively: Charmany (Madison), Mandt 

(Madison), Qnro 1 (cultivated area), Qnro 2 (Virgin area) ,Arena, Platteville .1. 

(cult:i.vated area), and Platteville 2 (virgin area). The measurements include 

profile horizons, bulk denSities, particle denSities, porosities, moisture 

content, vertical channels, hydraulic conductivity, and infi.ltration values, 

all. for different depths within the soil profile. 
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PEDON CHARHAMY 

Genera 1 data: 

Location: Oane County Wisconsin 
Code: CH 
Date of description: July 28, 1969 by J. Bouma and F. D. Hole 
Parent material: loess (silt loam) over glacial till of Woodfordian (Cary) age 
Pnysiography: site is a part of a glacial meraine 
Drainage class: well to moderately well drained 
Slope: 3% SW 
Erosion: some accumulation in the Ap horizon 
Vegetative cover: alfalfa 
Groundwater: not observed within depth of observation (240 em) 
Classification: Hollic HapJudalf: fine-silty, mixed, mesic 
St. Charles-Batavia silt loam, deep phase: intergrade 

Pedon 

Api 0-20 cm 

Ap2 20;'24 cm 

A2 24-33 em 

B21t 33-66 em 

B22t 66-95 cm 

B31 95-136 cm 

c 136-240 em 

lie 240 plus 

* Hoi st colors 

* Black to very dark gray (lOYR 2.5/1) , ver'y dark gray when r'ubbed 
(iOYR 3/1): silt loam: essentially apedal, with local gr'anular 
pockets and dense clods: friable; neutral (pH 6.6): abrupt and 
smooth boundary. 
Black (lOYR 211). black to ver'y dark gray when rubbed (lOYR 2.5/1); 
moderate fine platy; friable: neutral (pH 6.6): abr'upt and smooth 
boundary. 
Very dark gray I sh brown (I OYR 3/2), dark gray Ish brown when rubbed 
(IOVR 412); 5i It loam; moderate medium platy; friable: 51 ightly 
acid (pH 6.2); gradual and smooth boundary. 
Dark brown (7.5YR 3/3). brown to dark brown when broken and rubbed 
(7.5YR 4/3): silty clay loam; weak coarse prismatic breaking to strong 
medium 5ubangular blockyjPed 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. 
Dark grayish brown (lOYR 4/2), brown to dark brown when rubbed (lOYR 
4/3); silty clay loam; moderate coarse prismatic breaking into 
moderate medium 5ubangular blocky; channels are bordered by grayish 
brown (IOYR 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. 
Dark1yellowish brown (lOYR 4/4) inside prisms; 
sl I~'loam; strong coarse prismatic; around root channels reduced zones 
as in B22t, light brownish gray (lOYR 612). 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 sl ightly sticky; strongly acid (pH 5.4); clear and smooth bounduy. 
Dark yellowish brown (IOYR 4/4), yellowish brown when rubbed 
(IOYR 5/4); silt loam; apedal, except for some vertical faces of 
very coarse prisms as in 83; plastic and slightly sticky; slightly 
acid (pH 6.3); abrupt and broken boundary. 
Light yellowish brown (16m 6/4) lIandylo.am glacial till; massive 
to weak medium platy; vertical, joints probably widely spaced; 
calcareous. 
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PEDON MANDT 

Profile description 

General data: 
Location: Dane County, Kandt Farm, College of Agriculture and Life Sciences, 

University of Wisconsin 
Code: Hnd 
Date of description: August 5, 1969 by J. Bouma and F. D. Hole 
Parent material: loess (silt loam) over glacial outwash at 140 cm depth. 
Physiography: site is a part of a glacial moraine 
Dra i nage class: we 11 dra i ned 
Slope: 3% to the east 
Erosion: sl ightly er'oded, pit is situated on upper part of a field, that 

slopes downwards. 
Vegetative cover: none 
Groundwater: not within depth of the pit 
Classification: Typic ArgludolJ, fine-silty, mixed, mesic. Plano silt loam, 

sand substratum phase (Water] 00 s i 1 t loam) 

Pedon: 

Ap 0-25 cm 

A2 25-37 cm 

3'7-57 cm 

B22t 57-78 cm 

831 78-108 cm 

II B32 108-139 cm 

Very dark gray (IOYR 3/1)~ very dark grayish brown 
(10YR 312) when rubbed; silt loam; essentially 
apedal, more porous in lower parts, locally very 
dense with angular blocky fr'agments, with local 
pockets of gr'anular structure; there is a concentra
tion of wormholes in the lower part of the horizon; 
friable, locally firm; pH 8.0 abrupt and smooth 
boundary. 

Very dark gray i sh brown (I OYR ,3/2), dark gray i sh 
brown (IOYR 4/2) when rubbed; si It loam; in upper 
par't massive, with very few very fine channels; below 
30 cmx, weak very fine subangular blocky and few 
very fine channels; friable; pH 7.0; gradual and 
wavy boundary. 

Dark brown ('].5 YR 312). brown to dark brown (7.5YR 
4/3) when rubbed silty clay loam; weak medium 
prismatic br'eaking 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), bf'own (7.5YR 5/4) 
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) on ped faces, 
brown (7.5YR 5/4) when rubbed and brewn (7.5YR 5/3) 
when broken; silty clay loam; moderate coarse pris
matic; distinct argillans on ped faces with root 
prints, also skeletans; firm; (pH 5.5; clear and 
broken boundary. 

Brown to dark brown (7.5YR 5/2) on ped faces, brown ('].5YR 
5/4) when broken and rubbed; silty clay loam and 
locally sandy; weak coar'se prismatic with few 
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x Moist color's. 
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sandstone fragments; slightly firm in heavier textured 
parts, loose in sandy parts; pH 6.0: clear and 
broken boundary. 

Al ternat i ng dark r'edd i sh 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 gr'ain 
and loose. 



PEDON OMRO I 

Prof il e descl"ipt ion 

General data: 
Location: Winnebago Co. Wisconsin: SW*, SE*, Sec 6, TI8N, RI4E. 
Code: OMROI. 
Date of description: Sept. 13 by J. Bouma 
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Parent mater'iai: deep calcareous lacustrine heavy clay sediments stratified 
and alter'nating with thin layers 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: Alfalfa, 20 cm high, to be plowed under as second crop 

after oats. 
Groundwater: not observed within 8 feet. 
Classification: Typic EUtl"ochrept. very fine, mixed, mesic. Oshkosh-like 

clay; intergrading toward Winneconne with respect to the 
dark Ap 

Pedon OMRO I 

Ap 0-20 cm 

81 20-3S cm 

B21 35-58 cm 

B22 S8-80 cm 

Black (lOYR 2/1). dark gray (IOYR 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; sl ightly firm, locally friable; 
pH 6.9; broken and abrupt boundary. 

Reddish brown (SYR 4/3), idem (SYR 5/3) when dry; 
clay; strong very coarse prismatic (moderate fine 
platy in upper' part); on vel,tical prism faces: 
thick ( 2mm) cutans composed of topsoil material, 
with a granular, or very fine blocky structure; 
ver'y plastic, sticky: pH 7.0: gradual and smooth 
boundar'y. 

Reddish brown (5YR 4/3), light reddish brown (SYR 
6/3) when dry; silty clay; strong very coarse 
prismatic, veT'tical faces with cutans as in BI, 
moderate medium prismatiC breaking to strong fine 
angular blocky; shiny ped faces with root prints 
and th i n cont i nuous dark redd Ish gray (SYR 4/2) 
cutans; very plastic and sticky; pH 7.2; gradual 
and smooth boundary. 

Reddish brown (5YR 4/3), I igllt reddish brown (SYR 6/4) 
when dr'y; silty clay~si lty clay loam: moderate coarse 
prismatic breaking into strong medium angular blocky 
in upper part; continuous reddish gray (SYR S/2) 
cutans on vertical pr'lsm faces; thin incl ined layers 
of silty material occur in this and deeper horizons; 
firm; visible reaction with 2N He); pH 7.7; gradual 
and smooth boundary. 



83 80-110 em 

Cl 110-135 cm 

C2 135+ 
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Redd i sh brown (5YR 4/4), 1 i ght redd I sh br'own (SYR 
6/3) when dry; silty clay loam; strong coarse 
prismatic; cutans as B22t; few fine clear concen
trations of lime in light red (2.SYR 6/6) nodules 
with diffuse boundary, and neocalcitans in the 
lower part of the horizon; firm; violent reaction 
with 2N HCI: pH7.6; gradual and irregular boundary. 

Reddish brown in 60'h (2.5YR 4/4), idem (SYR 4/4) 
in 60%; silty clay; massive. few vertical prism 
faces extend in this horizon; many lime concentrations 
as In 83: friable; pH 7.9; gradual and smooth 
boundary. 

Stratified sandy (2.SYR 4/4) and clayey (SYR 4/4) 
layers. the latter with many 1 ight r'ed highly cal
careous nodules (2.SYR 6/6). 
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PEDON DHRD II 

Pr'ofile description 

Genera I data: "h iss i te is about 300 feet from OHRO 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 I 
except for: 

Vegetative cover: abundantly growing grasses and herbs cover the soil 
surface completely; locally rotting Uee 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 OHRO II: 

OJ 

Al 

A2 

BI 

B21 

B22 

B3 

c 

1-0 cm 

0-21 cm 

24-40 cm 

40-55 cm 

55-70 cm 

70-90 cm 

Ver'y fine brown roots and some r'otten branches 

Black (7.5YR 211); clay; strong fine granular and 
moderate fi ne 5ubangul at' blocky; I oca 11 y rotten 
branches from trees: very friable: pH }.2; gradual 
and smooth boundary. 

Brown to dark brown ('l.SYR 4/2); clay; moderate ver'y 
fine $ubangular' blocky: plastic, slightly sticky; 
pH 7.1; gradual and smooth boundary. 

Dark reddish brown (SYR 3/6); clay; strong very fine 
angular blocky; plastic and sl ightly sticky; pH 'l.~; 
gradual and smooth boundary. 

Dark redd ish brown (SYR 3/4); clay; inc I i ned gray 
(2.5Y 611) 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. 

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 HCI at appro 65 em depth;pH 7.4; 
plastic, sticky; gradual and smooth boundary. 

Yellowish red (SYR 4/6); silty clay loam; moderate 
medium prismatic in upper part; with common fine 
clear concentr'ations of 1 ime in 1 ight red (2.5YR 6/6) 
nodules with diffuse boundary, and neocalcitans; 
plastic, sticky; violent reaction with 2N HCl; pH '7.7: 
gradual and'smooth boundary. 

Reddish brown (5YR 4/4) in 60% of volume, ~ (2.5YR 
4/4) in 40'~; silty clay loam; massive: many lime 
concentr'ations as in 83; plastic, sl ightly sticky; 
pH '7.8. 



PEDON ARENA 

Prof! Ie descr'iption 

General data: 
Location: Iowa County, Wisconsin 
Code: Arena 

NEt. SE*, Sec 16, T8N, R5E. 

Date of description: October 3, 1969 by J. Bouma 
Parent material: windblown sandy sediments near the Wisconsin River 
Physiography: the area is a very gently undulating or nearly level 

sandy plain. 
Drainage class: excessively drained 
Slope: 00'(' 
Erosion: no evidence, it was observed 

on bare soil. 
that wind erosion may be pronounced 

Vegetative cover: the site is located in a 24 feet wide area along the 
railroad track, occupied by abandoned land with wild 
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) Hapludoll: sandy, mixed mesic. 

Pedon ARENA 

Ap 

B21 25-48 cm 

822 48-7.3 cm 

B3 73-96 cm 

C 96+ 

Sparta loamy sand Intergrading toward Dakota fine sandy loam. 

Very dark brown (7.5YR 2/2), brown to dark brown 
(7.5YR 4/2) when dry; loamy sand; apedal with manY2 
very fine (smaller than 1 mm) root channels per cm 
(estimated at appr: 5); friable; pH ; clear and 
smooth, locally broken boundary. 

Dark br'own (7.5YR 3/3). brown to dark brown (IOYR 
4/3) when dry, loamy sand, ap~dal, with appro 3 
very fine root channels per' cm ; friable, locally 
slightly brittle; pH ; diffuse and smooth boundary. 

Dark brown (7.5YR 3/3), brown when moist (JOYR 
5/3); loamy fine sand, apedaJ with few (appr. 2) 
very fine root channels: friable, locally slightly 
brittle: pH ; clear and irregular boundary. 

Brown to dark brown (7.5YR 4/4), light yellowish 
brown when dry (IOYR 6/4); fine sand; single grain; 
loose; pH ; gradual and diffuse boundary. 

Dark yellowish brown (lOVR 4/4); sand; Single grain; 
loose; pH 

N.8. Soil structure can only adequately be described in micromorphological 
terms, noting the size shape and arrangement of the primary particles in 
thin sections. Following this, the top horizons would probably have an 
intertextic, and the ICIer horizons a granular' basic fabric. 
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PEDON PLATTEVILLE I 

Profile description 

Genel'al data: 
Location: Grant County. Wisconsin; NE*. NE*. 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 undulating; as determined by a loess cover 

ever weathered residual limestone. 
Drainage class: well drained 
Slope: 2%E 

El'osion: slight erosion in the topsoil estimated to amount to a loss 
of about 10 em., as compared with the adjacent virgin site without 
erosion. 

Vegetative cover: soil was bare at moment of description after harvest of 
cor'n about six weeks previsously. 

Groundwater: not observed wi th I n depth of observat I on (240 cm) 
Classification: Typic Argiudoll, fine-silty. mixed. mesic. Tama silt loam. 

Pedon PLA I 

Ap 0-20 cm 

A2 20-40 cm 

Bl 40-50 cm 

B2t 50-80 cm 

1131 80-110 cm 

Very dark gray (lOYR 3/1*), grayish brown (IOYR 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. 

Dark brown (IOYR 3/.3). brown (IOYR 5/3) when dr'y; 
silty clay loam; locally weak moderate platy in 
upper part, moderate very fine subangular blocky; 
slightly firm: pH 5.5; gradual and smooth boundary. 

Brown to dark brown (7.5YR 4/4), brown when dry (7.5YR 
5/4): silty clay loam: weak fine prismatic breaking 
into moder'ate fine subangular blocky; discontinuous 
skeletans on ped faces; slightly firm; pH 5.0; 
gradual and smooth boundary. 

Brown to dark brown (7.5YR 4/4) cutans on ped faces 
brown (7.5YR 5/4) when rubbed and light yellOWish 
brown (IOYR 6/4) when dry: silty clay loam; moderate 
medium pr'ismatic breaking into strong fine subangular 
blocky; prominent, locally continuous skeletans on . 
ped faces; friable; pH 5.2: gradual and smooth boundary. 

Yellowish brown (IOYR 5/4) inside peds, very pale 
brown (IOYR 7/3) cutans on ped faces, light yellowish 
brown (IOYR 6/4) when rubbed; silty clay loam; strong 
coarse pr'1smatic, in upper part breaking into moderate 
medium subangular blQcky structure;continuous 
skeletans on pf'ism~ with local concentrations of 
clean skeleton grains, Slightly firm; pH 5.5; few 
faint medium yellowish red (5YR 5/6) iron mottles: 
around some root channels light brownish gray 
(JOYR 6/2)bleached areas; gradual and smooth boundary. 



832 110-130 em 

c 130+ 
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Yellowish brown (lOYR 5/4) inside prisms, dark 
yellowish brown cutans on ped faces (IOYR 4/4); 
silty clay loam; strong very coarse prismatic; local 
discontinuous skeletans on ped faces; slightly 
firm; pH 5.8, diffuse and smooth boundary_ 

Yellowish brown (IOYR 5/4); silty clay loam; apedal 
wi th many very fine root channels (sma II er than 
I mm): some vertical faces of ve.y coarse prisms 
extend into the C hOl'i zan; 5 J i ght 1 Y fi .m. 

* Colo.s are moist, unless otherwise stated. 
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PEDON PLATTEVILLE II 

Profile description 

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

Slope: 0%, No observable er'osion, due to the dense vegetative cover'. 
Vegetative cover: Agropyron repens; f2! pratensis, Asclepias ~. Solida90 

~. and Sals01a ~. 
Classification: Typic(vermic)Argludoll, fine-silty, mixed, mesic 

Pedon PLA II 

02 0-0 cm 

Al 0-30 cm 

A2 30-45 em 

BI 45-55 cm 

B2t 55-90 cm 

B31 90-115 cm 

Very fine brown roots, and some very fine granules 
composed of an intimate mixture of organic and miner/II 
particles. 

Very dark brown (lOYR 2/2), dark gray (lOYR 4/1) 
when dry; silty clay loam; moderate very fine sub
angular blocky and strong fine granular, in lower 
10 cm: weak fine platy; friable; pH 5.3; abr'upt 
and smooth boundary. 

Very dark grayish brown (JOYR 3/2), brown when 
dry (lOYR 5/3); silty clay loam; strong fine sub
angular blocky and strong fine granular; few, 
d I scont i nuous skel etans on ped faces; fri abl e; 
pH 5.0; gradual and smooth boundary. 

Brown to dark br'own (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, granular pockets in pedotubules as in A2i 
skeletans as In A2; fr'iable; pH 4.8, gr'aduaJ and 
smooth boundary. 

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 
pr'lsmatlc breaking Into moderate fine subanguJar 
blocky, locally pockets (pedotubules)wlth granular 
structure; discontinuous thin skeletans locally on 
ped faces; friable; pH 5.0; gradual and smooth boundary. 

Brown to dark brown cutans on ped faces (7.5YR 4/3), 
brown (7.5YR 5/4) when rubbed; silty clay loam; 
moderate medium prhmatic breaking into moderate 
medium subangular blocky; pedotubu1es and skeletans 
as B2t; friable; pH 5.6; gradual and smooth boundary. 



B32 115-140 em 

e 140+ 

lie 190 cm+ 

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

Yellowish brown (lOYR 5/4) slit loam; apedal, witlil 
many very fine root channels (smaller than I mm): 
some vertical faces of very coarse prisms extend 
into the e horizon; slightly firm; pH 5.4. 

Yellowish red (5YR 4/6) silt loam,non calcareous 
residual weathered material from residual lime
stone. 
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Pedon PIA I 

granulometric composition Fertility characteristics 

P K Ca Mg org. matter 
Horizon <2U 2-20u 20-50u 50-100\.1 100-250\l 250-50OU 500-1000\.1 1-2mm pH 1bs/A 1bs/A 1bs/A 1bs/A 'to 

Ap 31.1 60.0 6.4 1.9 0.3 0.2 0.1 --- 6.4 66 160 3200 1000 3.8 
A2 27.5 42.5 28.2 1.3 0.2 0.2 --- --- 5.5 15 160 3000 970 1.7 
Bl 32·5 37.5 27.6 2.1 0.2 0.1 --- --- 5.0 12 195 3800 ll50 1.1 

132 32.5 35.0 29·5 2.9 0.1 .-- --- --- 5.2 20 225 4200 1220 0.6 

B31 31.2 36.0 30.4 2.1 0.1 .-- --- --- 5·5 67 240 4100 1220 0.5 
B32 27.5 40.0 31.3 1.2 --- --- --- --- 5.8 74- 225 3600 llOO 0.5 

Pedon PIA II 

Horizon 
Al 28.9 40.0 28.3 1..7 0.4- 0.4- 0.2 --- 5.3 20 165 2800 590 4.2 
A2 31.1 40.0 25.9 2.6 0.2 0.2 --- --- 5.0 24 165 2400 650 1.8 

Bl 33.3 40.0 24.5 1.8 0.2 0.2 --- --- 4.8 13 185 2800 870 1.4 

132 33.7 36.3 27.7 2.1 0.1 0.1 --- --- 5.0 15 210 3600 llOO 1 .. 0 

B31 30.0 40.0 27.5 2.5 000 000 000 000 5.6 62 210 3900 1250 0.6 

B32 32·5 37.5 27.7 2.2 0.1 --- --- --- 5.6 75 245 4600 1520 0.6 

C 25.0 42.5 31.4 1.0 0.1 --- --- --- 5.4 65 210 3600 1240 0.3 

'? 



Pedon OMRO I 

Horizon <2\.l 2-2OU 20-5D1-l 

Ap 71.1 25.9 0.4 

Bl 71.1 26.4 0.4 
B21 40 50.0 3.4 
B22 38.7 53.8 4.6 

B3 36.2 57.5 4.4 
C1 42.5 53.7 2.8 
C2 ·37.5 58.5 3.0 

Pedon OMRO II 

Horizon 

A1 57.8 28.9 12.1 
A2. 68.9 24.4 5.9 
B21 75.0 22.5 0.8 
B22 30.0 52.5 11.0 

B3 27.5 65.0 4.8 

c 27.5 67.5 2.1 

granulometric composition Fertility characteristics 

p K Ca Mg org. matter 
50-100I-l 100-25D1-l 250-5001-l 500-1000l-l 1-2mm pH lbs/A lbs/A lbs/A lbs/A % 

1.0 0.9 0.7 0.1 --- 6.9 15 225 9600 5600 7.6 

1.0 0.8 0.7 0.1 --- 7.0 10 190 6600 2500 1.3 
2.8 2.4 1.3 0.1 --- 7.2 8 270 5300 2000 0.8 

1.4 1.0 0.4 --- --- 7.7 8 235 4100 1650 0.8 
1.1 0.5 0.2 --- --- 7.6 9 245 4400 1740 0.8 

0.5 0·3 0.1 --- --- 7·9 7 200 7200 1250 0.6 

0.5 0.5 0.7 0.3 .--

0.6 0.6 0.6 .-- --- 7.2 13 220 14800 4400 9·3 
0.2 0.2 0.2 0.1 --- 7.1 10 175 12800 3440 2.0 

0.5 0.4 0.3 --. --- 7.4 

3.2 2.2 1.0 0.1 --- 7.5 
1.2 0.9 0.5 --- --- 7.7 
1.0 1 0 0 0.6 0.3 --- 7.8 

-----
__________ .~._ .. ___ ._._. __ " __ . ___ ._ .. ___ . __ . __ L... 

8 175 7800 

7 200 4300 
6 220 3800 
6 185 7200 

2880 
1680 
1600 

1320 

1.2 
0.8 
0.8 
0.6 

V1 
V1 



Pedon Charmany 

granulometric composition Fertility characteristics 

fine med. coarse c~He p K 
Horizon <2\J 2-2OU 20-50iJ, 50-100iJ, l00-250u 250-500u 500-1000l1 1-2mm pH IbsjA Ibs/A 

Ap 15·0 52.5 28·5 2.0 1.1 0.7 0.2 --- 6·3 90 135 
A2 20.0 52.5 25·2 1.3 0·5 0.4 0.1 --- 5·9 65 140 
B2lt 27.5 45·0 25·9 1.3 0.2 0.1 --- --- 5·1 45 215 
B22t 32.5 40.0 25·9 1.3 0.2 0.1 --- --- 5.0 77 270 
B31 30.1 42.5 25.4 1.6 0·3 0.1 --- --- 5· 7 115 280 

C 27.5 45.0 24.5 1.4 .10 0·5 0.1 --- 5·1 72 250 

Pedon Mandt 

Ap \20.0 45.0 23·1 2.8 4.7 4.0 0·5 --- 6.5 140 200 

A2 25.047.5 25·3 1.6 0·3 0.2 --- --- 5· 7 43 180 

B2lt I . 30.0 42.5 26.1 1 .. 1 0.2 0 .. 1 --- --- 5.2 120 250 
B22t 30.0 42.5 25·7 1·3 0.3 0.2 --- --- 5.1 110 260 
B31 30.0 42.5 24·3 1.3 1.0 0.8 0.1 --- 5.1 115 275 
IIB32 20.0 30.0 20.8 3·7 14.4 10.4 0.7 --- 5.4 98 250 

Pedon Arena 

Ap 

B21 

B22 

B3 
C 

13.3 2.2 2.4 12.1 43.9 24.9 1.0 0.1 II 6.1 41 100 
5.0 7.5 1.8 11.7 46.4 26.6 0.9 6.1 60 60 

5.0 5.0 3.4 17.7 50.2 13.2 0.5 115.8 75 60 

I 2.5 2.9 15.8 62.6 16.0 0.2 5.9 105 45 

L~.! ___ :~~_._~~~ __ ~~=-___ .~4.7 50.7 0.8 \5.9 75 35 

Ca Mg org. matter 
Ibs/A Ibs/A % 

3600 1020 3·2 
2500 660 1.3 
3400 900 1.0 
4100 1300 1.1 

4600 1400 1.0 

3400 1280 0·7 

3600 1090 3·0 
2900 900 1.5 
4100 1160 0.4 

4200 1300 1.0 
4400 1270 0·9 
3500 1040 0·7 

1800 50 ..... 8 
600 140 1.6 

200 10 1.1 

200 20 0.4 
150 20 0.2 

V1 
0"\ 



3.2. The State Per'colation Test 

3.2.1. Some notes about our tests. 

1. Our holes were cylindrical w:l,th a diameter of 1.0 j,nches, prepared with 

a post hole digger. 
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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 "scratchi.ng with a sharp pointed instrument" will 

help to expose such an interface, particularly j,n moi.st or wet s011.s. 

3. In all. tests much soil material from the waUs of the pit sloughed onto 

the gravel as a fluid mud. This mud was removed as well. as pOSSible, but 

apparently a cOnl,iderable amount of this puddled soil material remained on 

and in the gravel. Use of a stovepipe to be pushed sl.ightly into the surface 

of the gravel (Mokma, 1967) was not very hel.pful, in avo:l.ding sloughl,ng of 

soil. from the sides of the hole. Water poured. into the stovep:!.pe moved 

through the gravel turbulently UP into the hole outSl.de the pipe, causing 

severe sloughing of the walls. The surface of the gravel within the stovepipe 

remained clean, however. We used stovepipes in mak:i.ng all our measurements, 

except in shallow holes in some Ap hori.zons. The level of the water in the 

hole or in the stovepipe was measured with a stick bearing a scale in :i.nches, 

each inch being divided in eight parts. A fi.xed reference level was established 

at each test hole. 

3.2.2. Discussion of results 

Only the tests performed at 8.0 em or deeper are reported in graphs 

because these depths are of part:l.cular importance in planning septic tank 

j,natallations. Results from other tests at 20 em and 5.0 em in some pedons 

are reported in terms of the final infiltrati.on rates after four hours of 

measurement. These values, including the final infiltration rates of the 
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80 em level, will be discussed in campar1.son to the Bouwer test values in 

Chapter 3.3.1-

The attached graphs (Figures 3.2.1 -3.2.4) show the pattern of infiltra

tion during the test. !!he starting point of each line represents a level 

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

determ:l.ned by the faU of the water surface versus time. 

Four different types of curves are given (see F:I.gures 3.2.1 - 3.2.4): 

Tn'E A The 1ndivi.dualJines (or the single line: Charmany 120 em, no. 6) 

are straight, and aU have the same slope (for example: Arena 80 em 

(in table sect:i.on 3.1). Fla. II 80 em). 

TYPE B The individual lines are straight, butthe:l.r slope differs: the 

infiltration rate decreases with time (for example: Charmany 

120 em., nos. 1 and 2; amro 180 em, silty variant). 

TYPE C The indiv:ldual lines (or the single Une: amro I 80 em, clay variant) 

are curved. Each individual. curve has the same range of slopes as 

the next or previous one (for example: Mandt 80 cm, Fla. I 80 cm). 

Infiltration decreased continuously i.n time with decreasing hydraulic 

head. 

Tn'E D Same as C, but the :l.ndividual lines have each a different range of 

s.lope: the decrease in infUtration j.s proportiona1.ly greater 

during the l.ater stages of a measurement. (for examp:le: Mandt 80 cm; 

no. 3, amro I 80 em, s1J.ty clay). 

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

1969) from: 

I.. The rate of fall. in the last 10 m:I.nutes of a one-hour measurement. 

The measurement is done without prev:lous soaking after percolation of 12" 

of water in less than 10 minutes (sandy soils: see Arena test). 
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2. The rate of fall. in the last 10 minutes of a one-hour measurement. 

Percolation of the first 6" of water, after soaking 16-30 hours, occurs 

within 30 minutes (Pla. II 80 em) . 

.3. The rate of fall. in the last .30 minutes of a four-hour measurement. 

Percolation of the first 6" of water, 16 to 30 hours after soaking, takes 
If 

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". 

T,ype A does not offer problemsj the infiltration rate is constant and 

does not vary with time. For Pla. II (80 em) we measured fOI four hours, 

although one hour would have been suffi.cient according to the l.w. The rate 

remai.ned constant, however, during the next three hours, proving the valid:i:ty 

of the resul.ts. T,ype B shows a decrease i.n infi.ltration rate wi.th time, 

possibly resulting from swelli.ng or sl.aking of the soil material. Apparently 

there is no effect of the decrease of hydraulic head si.nce each curve, as 

such, is a straigh t line. 

T,ypes C and D show a strong effect of the magnitude of the hydrauli.c 

head: infiltration decreased markedly when the water level i.n the hole 

dropped. 

Curves of type C show no difference between individual curves during 

the four-hour measurement as far as slope, i.6 concerned, so here the effect 

of the decreasing hydraul.ic head is condstent with time. Curves of type D 

show, except for the effect of decreasing hydraulic head, a further decrease 

of infi.ltration with time, probably again due to swelling and slaking. 

Because of the strong effect of the hydraul.ic head, a provision was made in 

the law to avoid compl.ete filling of the hole in the last l~ hours of a 

measurement under these circumstances (see poi.nt 3 above). This procedure 



seems unnecessarily complicated and it would be simpler to follow a procedure 

in which a constant hydraulic head is maintained over the gravel. Infi.ltration 

could be llEasured at regular intervals unti .. l constant for a period of, say, 

at least 2 hours. ],e wil.l try to app.ly such a procedure during our measure

ments in spring. One other major advantage is introduced when this is done: 

a consistent infiltration rate is used as a cri.terium, rather than the 

infiltration rate after a fixed period. The measurement then becomes less 

arbitrary. In many cases a constant infil.tration rate will not have been 

reached yet after 3t hours, i.n others it may have been reached after an 

hour. However, infiltration rate tests sti.ll depend on boundary and ini.tial 

soil conditions and do not measure an i.ntrinsic soil physical. property. 

The test is based on the use of tap water and a natural. (unpuddled) 

soil surface. Critics point out that such a test can never provide a good 

estimate for the potential of a soil to absorb l:!.quid sewage, si.nce clogging 

of the soil will Very likely seal the surface of i.nfiltrati.on (Mc Gauhey, 

P. H. and J. H. Wi.nneberger, 1963). The same criticism can of course be 

given for the Bouwer test and the tests on soil cores. These , however, are 

much better defined in phys1.cal. terms and can be used as a rel.iable reference 

and estimate of' the potenti.al soil permeab:l.1:!.ty. The clogging problem requires 

special study. 
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3.3. The Bouwer test 

3.3.1. Comparison the Bouwer test values wi.th those of' the State Percolation 
Test. 

The infiltration ~ates measured with the State Perco1ati.on Test were 

always higher than the K val.ues measured with the Bouwer tubes (see table 

~ 

Jul.y'69 

Aug '69 

Se'Pt '69 

Se'Pt '69 

Oct'69 

Oct'69 

"* 

COMPARISON OF :8CUWER K VALUES AND STATE PERCOLATION TEST VALUES, 
:ror al~ measured horizons (in em/day) 

Prof'ile Horizon Eouwer-K State Perc. Test (SPT2 
(em/day) (em/day) 

Charmany Ap (20) 16 .360,1.95,555,.360,240,240 
(silt loam) 6 Av: 10 Av: 325. 
(July'69) B2 (60) 33,76,57,43 255,240,180,135,205,90 

* 
Av: 52 Av: 184 

B.3 (120) 22,.30 145,35,270,90,60,36 
Av: 26 Av: 106 

Mandt A'P (20) 6,12 .370,1275,720,240,450,625 
(silt .l.oam Av: :LO Av: 610 
(Aug '69) B2 (50) 32,13 2l4,1.23, 3ll),123,123, 123 

-lE Av: 25 Av: 174 
:83 (80) 1.2,2 130,102,88,124,102,1.47 

Av: 7 Av: U5 

Omro I A'P (20) 0,10 15,30,15,30,45,90 Av: 37 
(clay; B2 (50) 2,9 45,30,75,45,135,102 
cu1.tivated) 

* 
Av: 6 Av: 72 

(Se'Pt '69) B3 (30) 5 15,15,90,90,135,240 

* (3O) 420f
' l.90x .1650+ 2025x Arena B3 

(loam,y sand) 

Pl.a I * B3 (80) 
(silt loam; 

25,17 Av: 20 75,120 Av: 95 

cu1.tivated) 

* (30) 600,520 560 Pla n B3 50,105,Av: 75 Av: 
(silt .loam; 
virgin) 

THESE VALUES WERE DISCUSSED IN SEC. 3.2 
+ NATURAL SITE. 
x COMPACTED SITE NEAR RAILROAD. 

Ratio 
SPT/K 

32 

4 

4 

61 

7 

16 

7 

12 
3up 

4 

5 

7 



Di:f':f'erences ~re particularly large in the Ap horizons of the Mandt and 

Charmany sites, where the soU was strongly compacted (sec. 3.1 and Appendix 

6.1). WOrm-channels apparent.ly caused high i.nfil.tration rates for the State 

Test J.Easurements. Bo~r-K measurements, however, were not strongly 

influenced by the occurrence of these channels since they did not connect 

the soil surfaces of the inner and outer tubes of the Bouver system (sec. 3.3.5). 

When such channel.s are open to the infiltration surface, the Bouver method 

c.l.ear.l.y underestimates the infiltration capacity of the soU. The State test, 

however, is normally used at depths below 2 feet, in ~ll structured B2 and 

B3 horizons. Confining attention to these depths, it is found that the State 

Test values are stiLl a factor 4 to 16 higher than those of the Batlwer test at 

the same depth. The initial mOisture content of the s01.1s was low before these 

measurements, that ~re made i.n summer and ear.ly autumn (sec. 3.1). The 

initially dry profile can be expected to absorb water from the test holes at 

a rate higher than the hydraulic conductivity, owing to the suction gradi.ents 

present even after the required sOak:i.ng period. Since the Bouwer-K values are 

derived from a limi.ted saturated volume of soU only, we expect that these 

values more nearly represent expectable seepage rates, particul.arly during periods 

'When the surrounding soil has a h:i.gh moisture content, as :l.n early spring. There

fore, measurements at aU si.tes will be repeated i.n the coming spring, to i.nvest

igate the relative seasona;L variations of both methods. A good method should 

yield a value that is representative for all. seasons. 

In profile Omro I (80 em) a different phenomenon was evi.dent. Here, inclined 

silty layers are present that influence infiltration through sideways seepage 

from the State Test holes. Such layers do not influence the Bouver test to 

the same degree. Hith no BUt layers bordering the holes, a low infiltration 

rate was found. This example illustrates the necessity to study the natural 

profile before testing. 
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3.3.2 Comparison with pel'llleability values from undisturbed cores. 

~is comparison is rather difficult, since lJleasurements on cores depend 

on methods of sampling and of presaturation. Moreover, the special. heterogenity 

of the soil matrix itsel.f leads to high variab:i . .l.:I.ty between relative:J.;v small 

individual core samples. 

In the Bou-wer test, movement from the outer to the inner tube :involves 

vertical. and horizoIrtal components, hence its results can be expected to 

depend on the directions of soil voids, as weI.I as their numbers and sizes. 

In some cases the Bouwer test yielded results similar to those of the 

undisturbed core tests, as for example, in Charmany at 120 em. ~e Bouwer 

K was approximately 25 cm/day and the same value was measured in a vertical. 

core, containing a large vertical crack. The :internal. conductivity of the 

prism i tsel:f, both horizontall.y and vertically, was only about 3mm/day. 

In some cases horizoIrtal conducttvity 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 vert:i.cal. worm and root channels (e.g., 700 em/day in the 

B2 and B3 horizons at the Mandt and Charmany sites). Plugging the channels 

greatly reduces these values. As mentioned before, vertical. channels infl.uence 

the Bouwer-K val.ue to a much lesser degree. 

Cracks and tubular pores in a soil. profile generally become constricted at 

greater depths, or just end, l:!ke a worm hole. When a measurement :1..s made :i.n 

situ, flow through some of the larger voids may be limited by the narrower 

passages below, whereas the same voids would pierce small core samples and 

could result in inordinately high conduct:lvity values (see figure 2.4). 



A compari.son 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 ot magnitude. Simi J ar general agreement betV/een the two types of' 

measurements was reported by Bouwer (1962) and by Baumgart (1.967), working with 

different solls :i.n Germa.ny. Baumgart (1967) reports that tor low conductivities 

the agreement was reached only when the a:ir from undisturbed cores was f'irst 

removed in a vacuum. ihe variabi1.ity in our experiments was less than in h:i.s 

study, si.nee we used the larger Bouwer tube (25 em, versus 20 em diameter) and 

also considerably larger undisturbed cores (4.41 em3 versus 100 cm3). 

3.3.3 ihe e;'ffect ot long duration tests on the measured K value. A BoUwer 

test normally takes two to tour hours. The question arises whether this period 

is adequate tor unsaturated soil to swell to its full capacity. When the so:i.1. 

to be tested is dry, as :l.t usually is in sUllllller, 1.t is rather improbable that 

complete swel~ing can occur within four hours. So cracks may not c.lose as 

completely as they would after a prolonged period of' saturation, and measured 

conductivity w:i.11 probably be higher than when measured in the same soil in 

spring. Wert (l.969) reported a decli.ne in both inf'i.ltration rate and K value 

with time. Bouwer reports (in an unpubl:i.shed report: SWC 4-gGl) long 

duration tests on an Adel.anta loam, with pronounced soil structure, in 

:Fhoenix, Arizona. ihree DoUble tube installations were tested simul.taneously 

in three tr:lsJ.s at a total. of' nine locations. ihe depth of' the auger hol.es 

varied from 76 to l..86 em. The duration of' the total test periods ranged from 

2 to 7 days w:l.th K measurements taken several times dai.ly. 1n general., con

sistent K values were obtained after 4 hours. To eval.uate this effect under 

the local conditions of' Wisconsin, a long duration experiment was conducted at 

the Charmany farm, using the city water supp.ly. 
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IleJ?th of hole: 52 em. Duration of experiment: 46 hours. 

Time after start Ratio 2~t/t2 eg. lev. K Int. rate 
of experiment extrapo1.. to H = 0 (through inner tube) 

.3 hours 0.8 x 10-3 ,36 em/day 4000 em/d~ 

22 " 0.7 x 1.0 -3 32 " 3400 " 

26 " 0.7 x 10 -3 32 " 3200 " 

46 " 0.6 x 1.0 -3 28 " 31.00 " 

In view of the variability occuring in the natural soU, and of the 

lim:i,tations of accuracy of the measurement itsel,f, this is considered to 1.ndicate 

the consistency of the measured K value in a 'period of time (2 days) that is 

oi'ten considered to be necessary for complete swel.ling (compare the State Test 

precedure in wh1.ch time allowed for soil swell:l,ng is 16 to 30 hours). 

The question remains: What would the conductivity have been after, say, 

three or more days. But this is unimportant, because :l,t :i,s hard to visualize 

a situat:ion in the context of our experiments in which infiltration would 

continuously occur at a constant hydraulic pressure of 150 em, or more. The 

Bouwer method uses high pressures to create conditi,ons j,n a short period of 

time that wi,U resemble those of a saturated soil.. We wi,U investigate our 

pedons again in early sprtng when natural swelling will have had its maximal 

effect on void patterns j,n the soil.. 

.3 • .3.4 Effe£:!? of tel!!J?E'rature of the water. 

The viscosity of water changes wi'th tel!!J?E'rature, therefore hydraulic conductivity 

is higher at higher temperatures. IO..ute (in methods of soil analysis p. 219) 

gives the fo.Uowing correc't:ion formula: 
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in which K and N are the conductivity and v:!.scosity respective.ly. 1\1e sub-· 

scripts T and ST denote the temp. of neasurement and the standard temperature 

respecti.vely. 1\1e relation between temperature (in °e) and viscosity (in 

centi.poise) or water is: 

oOe 
5°C 

looe 

l50e 

2fJoe 

250 e 
30°C 

1.787 
1.51.9 
1.307 
1.139 
1.002 

0.890 
0.797 (fran Handbook ot' Chemi stry 

and Hlysics). 

Our 10W'llst temperature was about looe (October, at the PlattevilJ.e site), 

highest temperature about 200e, and average about 15°C. (Note: Wa:ter 

temperature should be measured when the outer tube i.s being filled, rather thetn 

later in the smaller volune of the standpipes where temperatures rise notably 

and are not representative of the water :f'.lowing from tank to outer tube and then 

into the soil.). Wi:th water at looe the K values should be multiplied by a factor 

ot' .1.1.4 when l50e i.s taken as a reference level. When water ot' 2fJoC is used, 

the factor is 0.88. !ilie values li,sted in this report were not corrected for 

temperature, since these corrections would be much smal1.er than the usual varia-

tion betW'llen replicate measurements. Moreover, the approximations involved in 

the caJ.culation of K also i.ntroduce a range of uncertai,nty. When the var:l.ation 

of temperature exceeds the 10-20oe range, however, corrections become necessary. 

!ilie temperature ot' the water should therefore be measured. 

3.3.5 Relation between soil fabric and K values (see picture~ Appendix 5.l) 

1\1a rate of water movement through a soil. material saturated with water 

will depend mainly on the occurrence of larger voj.ds. (see section 2.7) 
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Relative~ hi.gh values for K are measured when flow from the outer to 

the inner tube is re.latively easy. Figure 3.3.5 shows a granular and fi.ne 

subangular blocky structure as found for example :!.n Al of P1a II (K = 160 em/ da3 ) • 

Continuous pores remain bet~en the small rounded peds even after complete 

swell.ing of the soU material. Contrasting with this are topsoil structures in 

cultivated sites (\ Charmany, K = 10 em/da3; Mandt, K = 9 em/day; Pla I, 

K = 16 em/day). Th i.s type of structure consJ.sts of, dense clods with irregu).ar 

cracks of a pattern di.fferent from that of the natural soil (Pla II). Tn Ap 

horizons there are usually fe~r large voids connecting between the inner and 

outer tubes and thus the K is lower. The structure in the B2 horizon is 

prismatic, breaking into blocky peds. Thus planar volds, capable of conduc·ting 

water, are present along many ped faces bet~en the inner and outer tubes. 

Therefore, conductivity in these horizons i.s always h:!.gher than :!.n the B3 

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

provi.des fewer planar voids connecti.ng both tubes. The total volume of flow 

along ped faces invol.ves the relative areas of the walls and also the distances 

bet~en them. Cracking of soi.l is most pronounced after drying. Remoistening, 

as occurs dur:!.ng the Bouwer test, leads to swelling processes which narrow 

the interpedal voids. In certain clayey soUs, swelling upon saturation is 

more rapid and complete when the soil is :!.nHially quite moist (as was the B2 

in the bare field of the Mandt farm, for example, (K = 25 em/day) :!.n comparison 

with the otherwise similar B2 i.n the alfalfa field of the Charmany farm K = 50 em/day). 

As mentioned earlier, worm channels and large root channels (i.e., cylindrical 

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

ment very markedly it' their direction :i.s vertical, since the inner and outer 

tubes are then not interconnected by channels. Under actual condi.tions of 

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

hence the relatively low K value of the Bo~r test is more real:! stic than the 
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very high value that would result :!:'rom infiltration into an undisturbed surface. 

An example is i.ncl.uded to show what happens if' the measurement is made in a very 

can:pact soil. horizon (Qnro I, 20 CIn; Omro II, 80 em). When there are no larger 

pores connecting the inner and outer tubes, n!) measurable K value can be obtained. 

It was observed however, that when valves b and c were closed and va;J..ve a left 

open, a slow downward movement in both tubes occurred. Apparently some cracks 

outside the inneri;ube connected some water. Infiltration waS calculated here 

for the entire surface, i.ncluding the i.nner and outer tubes. This is indicated 

by an asterix for Qnro I, 20 CIn and f'or Qnro II, 80 em (see table 3.1) Such a 

system, of course, now represents an unbuf'fered infiltrometer and the resulting 

infiltration will general.l;v include some lateral flow. In Qnro T (20 em) one 

relative high K value was measured (10 cm/da<r). Here, as was evident :!:'rom 

examination of the freshly-detached soil surface, a vertical crack occurred 

through the :i.nner tube, connecti.ng it with the outer tube. 

3.3.6 Preliminary conc1.usion 

The Bouwer Double-tube method. was found to be very useful in measuring the 

hydraul:i.c conductivity of soil horizons well above the water table. The 

K-value obtained provides a ref'erence that is physically better defined than 

infiltration rates determined by arbitrary procedures. The Bouwer-·K value 

results from both verM.cal and horizontal conductivi.tes of the soi.l materi.al. 

Such a value has practical si.gnifican<;:e when appl.ied to the flow system :!:'rom 

a realtively small. trench. The factor of seasonal variation has sti1.1 to be 

evaluated. Crusti.ng and clogging effects have not so far been consi.dered in this 

study. 
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3.4. Unsaturated-conductivity tests. 

~e resul.ts sho'Wll in figures 3.4.1-3.4.4 ind:!.cate that thin crusts can 

strongly reduce the infiltration rate. In the B2 of the Mandt pedon, for example, 

infiltration was reduced by 99'/> (from 144 cm/~ to 1.4 cm/day) after appl.ica·· 

tion of a thin puddled crust of 4 rom thickness. The suction below the crust 

was estimated at 0.03 bar = pF 1.5. The thin crumbled crust reduced the i.nfH

tration rate to 20 em/~, approximate.ly the K value measured with the Bouwer 

tubes. The suction here was estimated at 0.01 bar = pF 1.0 (figure 3.4.1). The 

already low infiltration rltte measured in the B22t of CUiro I through a clean 

soil surface (5.6 em/day) was reduced to 0.5 em/ ~ af'ter appli cat :l.on of a 

thin crumbled crust of 3 mm th:!.ckness. Suction below the crust was estimated 

at 0.1 bar = pF 2.0 (t'igure 3.4.2). In the Arena pedon, the K values were 

generally very high. In thi.s sandy soU, too, a consi.derable reduction of 

i.nfil tration occurred when a crust was formed (figure 3,4.3) 

~ese experiments demonstrate that crusts can greatly reduce infiltration 

into the soil, and that a characteri.stic suction wi.n develop in the soil 

below the crust. 

Investigations are being contemplated for the forthcoming season, in which 

measurements w1.ll be made in functioni.ng sept:!.c tank systems. The determi.nation 

of suct1.ons i.n the soil below the trench will show how effect:!.ve certain crusts 

are i.n reducing infUtration (reference ma:y be made to the Bouwer-K measured at 

the se;me depth in the soil. next to the trench). 

A study of the morphology and genesis of crusts mi.ght be useful.. It ma:y 

lead to methods for avoiding or reducing crusting. The problem is compli.cated 

by the microbi.ological. origin of surface clogging which seems to be related to 

soil. aeration 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 description of soil str~~. 

3.5.1" Evaluation of the standard (SSM) system of describing soil structure. 

The three grades of structure are described as follows (SSM): (see fig • .3.5.1) 

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

Moderate: "peds moderately evident but not dist:l,nct in situ'; After distur
---bance: many entj,re, some broken peds and little unaggregated material,. 

Strong: "peds qu:l.te evident. n After disturbance: largely entire peds, few 
broken peds, no unaggregated soil material. (another cr:lterion, not 
mentioned for the other classes, is used here: "adhere weakly to one 
another" ) 

These definItions are rather unclear. Our comments can be summarized in the 

following points: 

1. The procedure of disturbance is poorly defined. Different procedures 

will lead to different separations into peds, broken peds and un" 

aggr'egated soiJ, material, (see appendix). 

2. After applying some standardized disturbance procedure, there 

supposedly is a mixture of peds, broken peds and unaggregated soil 

material (N.B. very often one finds clusters of peds held together 

by roots and/or cutans). These quantities are partly resul,ting from 

the "disturbance" procedure j,tself, partly from the occurrence of 

surfaces of weakness and from differences between cohes:l.on and 

adhesion in the soil material. Structures, classified as weak, 

aupposedly break into few entire peds and many broken peds. 

Moreover, there is assumed to be much unaggregated soil material, 

that, apparently, never formed a part of a ped. By defini,t:l,on 

therefore soil structure, in th:l,s concept, is heterogeneous: in 

the natural soil material peds are said to be surrounded by unaggre-

gated soil material. This is also stated to be true for the moderate 

grade and, although less so, for the strong grade. Our experience, 

however, does not confi,rm'this concept. On the contrary, we conclude 
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that soil forming factors usually lead to the formation of a 

certain degree of aggregation in the soil material as a whole at a 

certai.n depth in the soil profile at a certain time although sizes 

of peds may vary considerably in one layer. 

3. Processes of cohesion and adhesion are a direct functi.on of the 

moisture content of the soil materi.Bl. The degree of aggregation, 

being a function of the moi.sture content, :l.s therefore a vari.able 

property for a specifi.c soil hori zon during the year. This is 

mentioned in the SSM, and it i.s advi.sed to descri.be the grade of 

structure at "the most signi.ficant moisture content". In a soil. 

profile, a wet condition is " most significant" in early spring; a 

dry condition is so in summer. The soil has to be considered as a 

natural body, subject to varying moi.sture contents during the year, 

that determine the "aggregation of the primary particles" and "the 

occurrence of natural surfaces of weakness" • 
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It is useful to distinguish between permanent and seasonal. structural 

features of soils. 'fue SSM lists soil ped shape, size, grade without any such 

distinction. In actual fact ped shape and size are permanent features while 

the other two vary seasonally. This seems to be recognized by Brewer (1.964) 

whose definiti.on of soil structure omi.ts grade, and includes voids: 

"'fue physical constituti.on of a soil. material i.s expressed by the size, 

shape and arrangement of the solid particles and voids, :i.ncluding both primary 

particles to form compound particles and the compound particles themselves; 

t'abri.c is part of structure that deals with arrangement." (p. 132) 

A compound part:i.cle may be a ped, that is defined as a "natural indi.vidua]. 

soil aggregate consisting of a cluster of primary particles, and separated from 

adjoi.ning peds by surfaces of weakness which are recogni.zable as natural voids, 

or by the occurrence of cutans". 



Brewer's system recognizes the presence or absence of peds. If peds are 

there, they may be described as to size, shape and arrangement. If peds are 

lacking, then arrangement of primary parti.cles i.nthe apedal so:l.1. material is 

studied, normally in thin sections. The factors that largely determine the 

"grade" of structure (SSM) are described by noting soil cons:i.stance (SSM) that 

also involves a "disturbance" procedure. 

Some of the discussed phenomena were evident in our study of ei.ght pedons 

during the field season of 1969. Some horizons were designated in the fiel.d 

as having a "moderate" grade of structure (:82 Pla II and :82 Mandt). This 

"moderate" grade was based on their relative low cohesion, resuTting from the 

relative hi.gh moisture content of the soil material (consistance was described 

as fri.able). Later, soil peel.s were made in the laboratory from large air 

dry undisturbed samples of these horizons (Bouma and Hole, 1.9(5). The soil 

material was in either case fully structured and all ped surfaces were covered 

with cutans, identi.1'ying the surfaces as parting planes. Therefore th:!.s 

structure was in fact as "strong" as that of the :82 Charmany of Pla-I. The 

consistence in these dryer horizons,--that were described in the field as 

havi.ng a strong grade of structure,'--was sl.ightly firm. 

In studies of soil permeability thl!' occurrence and sizes of larger VOidS, 

like surfaces between peds, is an important characteristic. Si.zes and shapes 

of peds determine the morphol.ogy of the pores between them. Swelling and 

shrinkage of the soil_ materi.al, occurring in the field after wetting and dry:!.ng, 

will determine their width in different seasons. Th:l.s cycle has to be charac

terized; one picture can never be representative. 



Appendix for poi~ 

Jongerius (1957) suggested two procedures of soil disturbance: 

1. Cutting a volume of soil from the soil profile, and observing the 
quantities of entire and broken peds as well as unaggregated soil 
material after the disturbance, the quantity of entire peds to 
be estimated in percentages. 

2. Ii' peds are not separated after precedure 1, they are separated by 
breaking the volume of soH into i.ts composing peds. After breaking 
by hand the quantUy of entire peds is estimated again. Six classes 
in all. are established, accordi.ng to these procedures, coded as: 

Entire peds i.n i of soil material 

Peds are isolated by 0 <10 "- 10-30 0-70 .. >70 

cutting a volume of soil 
from profile grade: 0 1. 2 3 

Peds can only be isolated 
by breaking by hand grade : 0 k ~. l~ ~ 

This method is a more detailed version of the SSM system but does not introduce 
a new concept. 

3.5.2 Soil structure and related propertles of the cultivated and virgin 
pedons of Omro and Plattevill,e. 

First the occurrence of channels will be discussed. The largest number 

of channels is usually found in the B2 horizon at a depth of about 50 em. 

This is parti.cularly true for the channels smaller than 4 mm. The class 

larger than 4 mm (almost excluaively worm burrows) shows a more uniform 

distribution wi.th depth. Thls is to be ex:pected, since large worms apparently 

travel up and down from the soU surface to considerable depth, through their 

indivi,dual 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 smal,ler number of channels in a topsoil can result from two conditions: 

1. Compaction of the Ap horizon by plastic deformati,on by farm operations, 

tending to close any existing channels (Mandt 20 cm; Omro I },0-40 cm; 

and Pl.a I 20 em). 
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2. The predominance 1,n a very porous virgin topsoil of granular and fine 

subangul,ar blocky structures. In such a loose structure, with a low 

bulk density, individual channels do not really occur. Roots grow 

through the relatively large interpedal compound packing vo:!.ds 

(Pla II 0-40 em; Omro II 0-.30 em). In such cases the channels 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 packi,ng voids 

between peds are the most relevant structural feature in virgin topsoils. 

Comparison between the virgin and cultivated sites at Plattevi,lle and Omro 

shows some interesting features. The number of channels 1,n Omro II is con

siderably 10'Wer than 1.n the cu1.tivated Omro I below a depth of approximately 

40 em ... here both pedons have about the same dens:tty. We think this i.s caused 

by rooting of ag:r'icu1.tural crops, parti,cularly alfalfa. The relative deep 

rooting, and subsequent moisture extraction by the roots, led to the observed 

difference in moisture content between the cult:l.vated and the vi.rgin pedon at 

the moment of sampling. Pronounced dehydration at the cultivated site induced 

cracking patterns l.n the subsoil, not found at the virgin site (see soil struc

ture diagrams 3.5.2). The occurrence of these cracks resulted in a clear 

increase of permeabil:!.ty. The loosening effect of deep rooting is demon

strated by the trends in bulk density as well.. Although the topsoil of the 

v:lrgin Omro II had a much lower bulk density than the topsoU of Omro 1, it 

had a density of 1.62 at TO em, whereas at the same depth ill pedon Omro I 

tM,s amounted to only 1.53. Compaction below the plowed layer in Omro I led 

to a sharp decrease in the amount of channels there. Permeabili,ty was reduced 

to zero except where large vertical cracks had developed in this hor:!.zon upon 

drying. They became partly filled with topsoil, but a considerable permeabili,ty 

could be measured nevertheless along these cracks. 



The trends in the Platteville pair of :pedons are similar i.n part. 

Many channels occur to depths of more than 120 cm depth a'l: the vixg:i.nprairie 

site (Pla II). Most of these channels have apparently been made by ants. 

The measurement was made in sof1. near to ant mounds, for these occur spaced 

about 3 meters apart throughout the prair:i.e remnant. Be1.ow the mounds them" 

selves channels larger than 2 mm in diameter are 1.0 to 40 times more numerous 

(Baxter and Role, 1967). The soil material occurring above 50 em in this 

pedon is very porous (B.D. = 1.20) and here the channel. concept does not 

apply. In the cultivated pedon (Pla 1:) compaction occurred. in the horizon 

below the Ap (B.D . .1.27). Hydrauli.c conductivi.ty was lower. Tn such a rela" 

tively dense horizon, where the peds accomodate each other, channels are very 

eVident. Here, as in Omro I, roots of agricultural crops have created many 

channels, that remain after decomposi.tion 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 "nibbl.ed" or micro"'pitted surface 

of ant burrows. Since ants were n:ot observed at the cUltiVated site, however, 

we presume that roots made the channels. 

The subsoil below 80 em :I.S denser in Pla :r: than in P1.a II (B.D. 1.35 versus 

1.26, locally 1.15). The volume of channels is reduced in PI.a I, the structure 

was prismat:lc (see soil structure diagram 3.5.2) and the permeabUity "Was less 

than at the virgin site at the same depth. '!hi.s is attributed to some erosion 

of topsoil, bringj.ng the prismat:l.c subsoil closer to the surface. In Pla 1 no 

channels were observed below 11.0 cm; in Pla II' channels occurred as deep as 130 em. 

Comparison of the moisture contents of both profiles, at the moment of sampling, 

shows that Pla I was much more strongl,y dehydrated, particularly below 50 cm, 

than Pla II. This is the e'ffect of the deep rooti.ng corn crop, as was the case 

with the al.falfa at Omro I. Rooting, and dehydrati.on 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 em of Pla II "Were made by ants. 

Cultivation of both pedons has led to a decrease of the organic matter 

content of the topsoil. As a result, the particle density of the soU 

material increased (see tables i.n 3.1). 

3.6. Summary 01' results 

:?roject: Develop reliable field methods to predict movement of liquid "Wastes 
in soils. 

Blase l: Compare the ofi'i.cia!. State Percolation Test "W1.th other less 
empirical physical.. methods to measure permeability of di.fferent soils. 

From the results obtained on seven Sites, it follo"Ws: 

1. The Bou-wer Double-Tube apparatus measures a consj.derably lo-wer saturated 

conducti.vity than the infiltration rate of the State Test (secti.on 3.:3 • .1.). 

TI'Je Bou-wer values, however, correspond reasonably -well "With the conductj.viti.es 

obtained from both vertical.. and horizontal undisturbed cores. '!he high 

values obtained "With the State Test :?rocedure axe probably caused by 

lateral flo"W, as well as by soil moisture suction gradients, "Which are 

likely to be particularl,y M.gh in summer. (see data i.n 3.1) A valid test 

should give a value that is representat:!.ve for the so:!.1 in all seasons, 

inc1.uding, spring, "When the soi.l. is "Wet and in1.tial suctions are 10"W. 

'!he K values of the Bouwer test are based on a .limited volume of saturated 

soil and seem therefore to provide a more reaastic estimate of the 

hydrodynamic properties. Before we can be certain about this, however, 

additional testi.ng on the same sites should be carri.ed out i.n the spring 

season. 

2. The Bouwer method, as wel:l as the measurements "With undisturbed cores, is 

appl:!.ed on carefully c.l.eaned soil surfaces. A typical soil surface in a 

sewage trench will not be like that because of compaction or puddling 

during the construction of the trench, and because slaking of soil, 



accumulation of solid sewage particles and biological clogging may occur 

during operation of the system. A crust will induce suction 1,n the under'" 

lying soil, which may result in unsaturated flow conditions, and hence a 

much slower :Infiltration rate. In our crust tests this was well demonstrated. 

(sec. 3.4) For example: a thin puddl.ed crust 2 nun thick reduced the 

infiltration rate in the B2 of the Mandt profile by 99%. 

These 2: llie study during the 1969 field season had other reaul ts, less 

directly related to the central problem. 

l. A relation was found between soil structure and saturated hydraulic 

conductivity. Conductivity decreases with increasing sizes of :peds 

(sec. 2.7, 3.3.5, and 3.5.2). Apparently percolating water follows 

natural faces of peds, even when the soil is not entirely saturated. 

This occurs in part because of cutans on :ped faces that reduce the movement 

of water into the unsaturated :peds. Saturated conductivity is governed 

by the occllXnmce of continuous larger voids, such as cracks. Not only 

their number but particularly their w:l,dth j,s :I:m;portant in this regard. 

We ascribe the difference in hydraulic conductivity between the Charmany 

and l\'landt sites (with essentially the same type of structuze) chiefly 

to the absence of a crop on the Mandt si,te in 1969, wh:lch permitted 

relatively high moisture contents and low suctions to :perSist even in 

August (sec. 3.1). In July, the Cbarmany s:l,te, on the contrary, already 

had relatively low soi,.l moisture contents, due to the transpiration of the 

alfalfa crop. llie resulting cracking, or more eXactly, the widening of 

existing cracks, probably caused the higher conductivity. Soil swelling 

does occur after saturating but by a reduced amount (in the time ava:l,lable 

for the test) in proporti on to the preced:l,ng degree of dehydration. 

The difference j,n structural. grade between the two soils was observed and 

recorded in the profile descri,ption (sec. 3.1) as "strong" at the 

Charmany site versus "moderate" at the Mandt site. llie mechanism of soil 



s1iE!lling, particu1ar1;y as it occurs under natural conditions :i.n ear1;y 

spring, needs to be studied more thorough1;y in Wisconsin soils. 

2. Changes induced in soil by agriculture 1iE!re studied by compari.ng virg:!.n 

and cul.tivated soils at two sites. The soUs were an Oshkosh clay (Omro) 

and a Tama sUt loam (P1.atteviUe) (sec. 3.1.). In both cases, growing 

crops, parti.cu1arly aJ.faJ:f'a, l.ed to a marked drying of the soil to 

considerabl.e depth. In the natural. 'Prof:!.:Jes effective rooting (see 

channel diagrams in sect1.on 3.1) was not as deep, and dehydration 'Was 

more restricted to the topsoil.. Drying l.nduced cracking pa:tterns in the 

B3 horizon of the cu1.tivated clay soil. that were not found in the nat-

uraJ. site at the same depth. The hydraulic conductivity of the cul.tivated 

clay soil 'Was therefore higher in the B.3' Compaction by tH1age was 

confined here to the topso:i.l, resulting in a strong decrease of hydrauliC 

conductivity. Tn the silt loam, the cul:tivated soil. 'Was sl1ght1;r compacted 

to a greater depth, and the hydrauliC conductivity was lowe! in all 

the horizons tested. Appa:rently some erosion had occurred too, bringing 

the relative.ly dense subsoil. nea:rer to the soil. surface. A loss of 

organic matter in the topso:i.ls of both cu.ltivated soils resulted in a 

higher parti.cl.e density of the soi.1 mater:i.als. These examples show clear1;y 

that soil profiles, occurring in one and the same soU unit and having 

a similar c1assi.f:l.catjon may dUfer considerabJ.;y in physical properties 

due to management by man in the relative1;y short period of a century. The 

State Percolation Test performed at 80 em depth on both Tame. pedons (sec. 3.2) 

shows consi.derable differences. The d:i.fferences in rates of infiltration 

between the State Tests at the Oshkosh s:ite "Were caused by the local 

interlayering of this silty layers in the clay. This shows the necessity 

of studyi.ng the natural profile before testing (sec. 3.2.). 



91 

4. Plans for future work 

During the coming months we propose to direct the investige;ti.on toward 

problems more directl;y pertinent to real sewage di.sposal systems. In 

particular, attention wiU be devoted to the fo:U.ow1.ng areas: (1) phys1.cal 

and microMol.ogical aspects of soil clogging by sewage effluent; (2) field 

tests of conditi.ons at sites of actually operating septic systems; (3) quanti

tati.ve interpretat:l.on of the relation between soil. fabric and hydraul.i.c 

conductivity; and, of course, (4) characterization of major soHs of Wisconsin 

w:l.th respect to intake and transmission of water and liquid wastes. 

'lhe first of these areas can fortunately be pursued in cooperation with 

Dr. El:i.zabeth Mc Coy of the Bacteriology Department on this campus. The 

studies of Schwartz et al., 1967 clearly demonstrate that microbiological 

processes, occurring during the infiltration process into the soil, determine 

whether or not a septic-tank ef:f'luent system w:l1.1. f'unct:i.on well. 

We intend to use columns of undisturbed soU, to be well. characterized 

:I.n physical and morphological terms. E:f'tluent will be applied to these columns 

tn varying quantities and a:t different interval.s. Processes ot s01.1 pore 

cloggi.ng, coliform deve.lopment, nitrification and denitrification, will be 

monitored in the laboratory. These w:l.ll. be corre.lated with changes in 

phys:l.cal character:i.stics and processes, such as: infiltrat1.on rate, soU 

suction and moisture content, and o~gen content of the soil a:l.r. 

Procedures in the second subproject wn:l include tensiometri.c measurements 

of suctions and water contents preva::iling below and around operating sewage 

trenches. A representative K-value can be established on the basis of the 

relation between K and water content for each speci.fic soil matrix. (this 

value may be conSiderably lower than the saturated K, dependi.ng upon the degree 

ot clogging and crust formatl.on). By these DEans, an 6ittempt win be made 
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to define the hydraul.ic flow patterns of typical, sewage disposal systems, so 

that an evaluation can be made of means for improving them. Trenches of 

di:f':f'erent septi,c tanks will be excavated to permit observation of soil 

morphol.ogy, crusting and patterns of oxidation and reduction. Methods for the 

prevention of crusting and for the alleviati,on of crusting effects will aLso 

be studied. 

1be third subproject will, investigate the relation between soil fabric 

(as observed in the field and in "soil peel.s") and hydrauli.c conductivity in 

quantitative terms. Ihysi,cal models and equations describing the relation of 

soil conductiVity to pore si,zes (e.g., Childs, 1969) will be tested. 

Processes of swelling of soil will i.n part determi,ne the sl,ze of pores; and 

hence also the hydraulic conductivity, in the wetted soi,1. layers. We plan, 

therefore, to repeat in early spring all. hydrological measurements, made in 

the previous summer, tn our pedone, so as to assess the factor of seasonal 

variation. 



virgin cu Itivated 
TYP IC EUTROCHREPT 

Osh kosh clay 

OMRO 
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Tama silt loam 

PlATTEV I llE 

General legend for the following figures, that are horizontal sections as seen in 
a soil peel, of eac n pedon at the indicated depth. 
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Tama silt loamCcultivated) A2 (20 cm).Structure: 
and moderate ver.y fine subangular blocky. 
K: 11 cm/da1 B.D: 1.37 P.V: 47% Part.~en8: 2.57. 

I'CM 

Tams silt loam (virgin).Al (20 cm).Structurel 
subangular blocky and strong fine granular. 

~ 

moderate very fine 

Weak medium pla t1 ~ ~\ : large animl burrow with strong fine granular structure 

K: 160 cm/dq.B.D, 1.22 P.V.:50% Part.d.ens.: 2.44 



T~ma silt loam (virgin).B~t (80cm).Structure: Moderate fine 
breaking into moderate fine subangular blocky. 
K: 75 em/MY. B.D.: 1.26 P.V.: 51~ Part.c:l.ens.: 2.55 

[leM 

prismatic 

Tams silt loam (cultivated) B3l (80em).Structure: Moderate 
prismatic, breaking into moderate medium sUbangular blocky. 
X, 22 em/day. B.D.: 1.35. P.V.: 4~ Part.dena.: 2.66. 

\}l 

medium 



Ilcl'f 

~ 

Oshkosh cla1 (cultivated) Bl (20 cm).Structure: Strong ver,v coarse 
~rismatic and moderate medium platy. 

Oshkosh clay (cultivated) B21 (50 cm).Structure: Moderate medium ~: races of ver,v coarse prisms (partially seen here in three 
prismatic, breaking into strong fine angular blocky. dimensions) covered, and locally completely filled with 
!:: 6 em/dAy. B.D.: 1.1.!-J P.V.: 4'ft Part.<l.ens.: 2.62 thick eut~ns composed of topsoil mteria1. 

!:: 0 em/daY in soil between the prism cracks. x: : 10 em/daY 
through these cracks. B.D.: 1.36 P.V.: 4~ Part.~ens.: 2.69 



I'CM 

Oehkosh clay (cultivated) ~3 (80cm).Structure: Moderate MEDIUM 

prismatic breaking into strong medium angular blocky. 
K: 5 em/~. ~.D.: 1.52 P.V.: 44~ Part.dens.: 2.73. 

~ 



Plano silt loam (Mandt farm). Ap (15 
clods. 
K: 9 em/day. P.D.~ 1.42. P.V.~ 44~ 

r leM 

om).~tructure: Apedal with dense 

Part.e.ens. ~ 2.51. Plano silt loam (Mandt farm). B2t (50 
prismatic breaking into moderate fine 
K: 22 om/day. P.D.: l.u1 P.V.: 4~ 

\,() 
co 

cm).Struoture: Weak medium 
subangular blocq. 

Part.dena: 2.66 
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Plano silt l~~m (Mandt farm). ~31 (SO em).Structure: Moderate 
MEDIUM prismatic. 
X: 7 em/dAy. B.D.: 1.45 P. V.: 45%. Part.denll 2 .. 64 
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J 

4 

St.Char1e8-Bavaria 8ilt loam (Charmany farm).Ap (20cm) 
Structure: apeda1 with clods. 
K: 11 em/day. B.D.: 1.37 P.V •• 46~ Part.dens.: 2.55. 

100 



St.Char1es-Eavaria silt loam (Charb~ny farm).~21t (60cm) 
Structure: Weak co~r8e prismatic breaking into strong 
medium subangnlar blocky. 
X: 50 cm/dAy. P.D.: 1.42 P.v.; 45% Part.dens.: 2.,8 

r'CM 

St.C~r1es-Bavaria silt loam (Charmany farml.B3 (120cm) 
Structure: Strong coarse prismatic. 
X: 2.6 em/day. B.D.: 1 • .53 P.V.: 40% Part.dens: 2.62. 

~ 



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

K: 420 cm/d.a¥. B.D.: 1.48 P.V.: 45% Part.a.ens.: 2.68 

I Ie,.., 

Sparta loa,my sand (Arena). E21 (40 cm) • Structure: Apeda1, 
basic fabric probably intertextic.This causee the moist 
80i1 to break into coherent fr~gment8. 
K: 37 em/day. B.D.: 1.54 P.V.: 42% Part.dens.: 2..65. 

2 
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Downward infilttation of water into a uni
form soil profile ponded at the suI'faee has 
been studied intensively, especially since the 
expeIiroental wOIk of Bodman and Colman (1) 
and the theoretical work of Philip (4), More 
recently, attention has been devoted to infilt,a
tion into a layeI'ed soil" Takagi (7) analyzed 
the steady-state downflow of watel' through a 
two-layer profile into a free wateI' table be
neath, Where the uppel' layel' is less pervious 
than the lowe!', negative pressure (suction) can 
develop in the lower layeI' and remain at a 
constant value throughout a considerable 
depth-range" Takagi showed that this ZOne 
nOImally begins at the junction of the two 
layers" Hillel (3) examined steady infiltration 
into a Boil ovedain by a thin CIUst of low 
conductivity, 

Steady-state conditions requil'e tbat the flux 
through the Clust (q.) be equal to the flux 
through the SUbCIUst "tlansmission zone" (q.) : 

or K. (~). = K. (~). (1) 

where K., (d.pldz)., K. (.pdldz)., refel' to the 
hydraulic conductivity and hydraulic bead 
gradient of the CIUst and underlying trans
mISSIOn zone, respectively. The gradient 
through the tIansmission zone tends to unity 
when steady infiltration is aPPI'oachad, as the 
suction gradient decreases with the increase in 
wetting depth, eventually leaving the gravita
tional gradient as the only effective driving 
force,. In the absence of a suction head g,adient 
bclow the CIust, we obtain (with the soil sur,· 
face as OUI reierence level) : 

(2) 

1 Pubiished with the pel mission of the DirectoI' 
of the Wisconsin Agricultural Expeliment Station, 
Senior author on leave from the Hebrew Uni·· 
versity, RChovot, IsIael. 

where K. (h,) is the unsatUIated hydraulic 
conductivity of the SUbClust zone, a function 
of the suction head, h, which develops in this 
zone, begiuning just under the hydraulically 
impeding CIUst; h. is the positive hydIaulic 
head imposed on the surface by the pondad 
wateI' j and z, is the ver tical thickness of the 
crust .. 

Where the ponding depth (h.) is negligible 
and the crust itself is veIy thin and of low 
conductivity (e . .g., where z, is VPly".small m 
relation to the suction h, which fOIIns at the 
subcrust intelface) I we can a.."Sume the ap
proximation 

(8) 

The condition that the crust remains saturated 
even while its lower palt will he undel suction 
is that its critical air-entIY (h.) not be ex
ceeded (i.e, I h, I < I h.1 )" 

This togcther with the condition that the 
SUbCIUst hydraulic head gIadient approximates 
unity leads to the approximation: 

i.e, the ratio of the hydraulic conductivity of 
the underlying-soil transmission zone to its 
suction is approximately equal to the ratio of 
the must's (saturated) hydraulic conductivity 
to its thickness,. The lattel' Iatio is the recipro
cal of the hydraulic rcsistance per unit area of 
the CIUst (R.) * Also: 

q = K. (h,) = h,IR. (6) 

Where the unsaturated conductivity of the 
underlying soil bears a known single-valued re
lation to the suction, it should he possible to 

• A distinction is made between the hydIaulic 
l'esistance pel' unit area, defined as above, and the 
hydraulic resistivity, the iatteI' being equal to the 
reciprocal of the conductivity. 
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FIo .. 1" Theoretical effect of ClUst I'esistance upon flux and SUbCIUst suction during steady 
infiltration into clust,·capped columns of a uniform soil with "n'l = 2, "a" :::: 4.9 X lOs The 
broken lines (1) and (2) indicate the hypothetical effect of SUbCIust hydIaulic resistance) 
R,,: Ru (1) < Ru on" The decreasing q VB. Ro CUIve applies only where the hydraulic con-' 
ductance of the SUbClust layeIs is not limiting, 

calculate the steady infiltration ",te and the 
suction in the subcl'ust zone on the basis of the 
measurable hydraulic resistance of the crust, 
Where the I'Clation of matric suction to wateI' 
content is also known, it should be possible to 
infer the SUbCIUst water content during steady 
infiltration 

Employing a K vs,' h relationship of the type 
K = a 1 h 1- (where a and n are eharacteristic 
constants of the soil) the following is obtained: 

q '" (a)'''~''/(R.)"''~'' = B/(R.)"""'" (6) 

h, = (aR.)'''~'' '" B(R.)"'"'" (7) 

where B = al!<Jl.+l,) is a proper ty of the sub
CIust soil The theoretical consequences of 
equations (6) and (7) are illustrated in fig. 
1 These equations indicate how the infiltra
tion rate decleases and the SUbCIUst suction 
increases with increasing hydraulic resistance of 
the crust. Gardner (2) has shown that the 
values of a and of' n genelally increase with 
increasing coarseness, textural as well as stmc
tura1, of the soil Sands may have n values of 
4 01' morc, whereas clayey soils may have n 
values of about 2, Tillage may pulvelise and 
loosen the soil, thus increasing n, while compac
tion may have the opposite efTcct 

Both the crust and the underlying soil are 
seen to affect the infiltiation rate and suction 
profile, and the clUst-capped soil is thus viewed 
.s a self-adjusting system in which the physi
cal propelties of the CIust and undellying soil 
interact in time to form a steady infiltration 
late and moisture profile In this steadily in
filtrating pI'ofile) the SUbCIUst suction which de
velops is such as to CI'eate a gradient through 
the Clust and a conductivity in the subcI'Ust 
zone which will result in an equal flux through 
both 1ayel •. 

This paper desclibes an experimental test of 
the above theory" 

EXPERIMENTAL 

The relationships delived, and the assump
tions upon which they are based, wel'e tested 
experimentally in the following two ways: 

(I) With models of varying Clust hydlaulic 
resistance and identical SUbCIUst soil properties 
For such conditions the theory predicts de
creasing infiltration late and increasing sub
CIUst suction with increasing hydra.ulic re
sistance of the crust" 

(2) With models of uniform Clusts and vary
ing SUbClust properties .. The theOIY predicts n 
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dependence of infiltration rate on the hydraulic 
properties of the SUbClust layer, as char
acterized by its a and n values, 

The infiltration tests were caBled out with 
JaboratCIY columns packed into 5 cm. diametel 
lucite tubes 150 em .. long. The soil was taken 
from the Gilat Experimental Farm in the 
N mthem Negev of Israel and is a fine sandy 
loam of loesaial odgin. A mechanical packing 
device was employed to assUI'e column uni
formity 

In the filOt series of tests, uniform columns 
were capped with 10 nun-thick stabilized sur
face layers of either aggregates (1-2 mm.) or 
clUSts These layers were stahilized with a 
synthetic soil conditionel' applied in powder 
form at the rate of 0 .. 5 per cent of the dry soil 
weight, The ClUsts were prepared in molds 
either by slaking the soil in water, or by 
puddling the soil mechanically with 01 without 
the addition of cement" Measurements were 
made of the hydraulic conductivities of these 
layers in specially COnstIucted pCImeameteI's 
The crusts were mounted in recessed Iucite 
lings and sealed by pouring molten paraffin 
into the groove around the C1ust (to fix the 
crus! in place and to prevent boundary flow 
along the lucite wall) .. The protluding CIUsts 

were then pressed into the soil columns, and 
their lings sealed to the column tubes by means 
of transparent adhesive tape The method of 
mounting the C1usts is illustrated in fig 2. 

-----~." •.•. ,,' ~; ~ " " ,'''!' 
.... " ! .. " ,\. : -... ' .. " ~'; .. ~ .•. ".'" '~~" 

• ,,'" .' • 10 ~ , .:" 

" '.~' ,! '.;':' ~ • ~ 4,:.,'1".:~. 
It . 0 •• t,' '\ 

... ~ II ~ "".;'; <0 :' 10'" " 

i;J~~~.t~{!; ~ 

To hasten the attainment of steady infiltra,
tion, the columns were pre-wetted to a depth 
of 60 em. just prior to being capped with the 
CIUsts The SUbCIUst zone was thus neady 
saturated at first" During the subsequent infil· 
tJ'ation through the Clusts the profiles were 
actually in a process of draining, so that the 
parameters Ira" and un", obtained by desorp"' 
tion, were propeI1y applicable. 

The infiltration trials weI'e conducted by 
impounding a ;; mm head of water over the 
Clusls by means of an invelted buret. The in
filtration Iuns were continued at least 24 hours 
until a constant rate was estsblished and the 
subcrus! hydraulic head gradient was about 
unity, This gradient was measured with peneil
size tensiometers located 2 and 12 em.. below 
the Clust, Soil water content was detelmined 
I'epeatedly both gravimetrically (by sampling 
through side holes in the lucite tubes) and 
volumetlieally (by means of a pre-calibrated 
gamma-ray scanner).. In each case the sub
erust-zone water content and steady infiltr.·· 
tion rate were compared with the COl responding 
values predicted by use of Equations 6 and 7 

In the second selies of tests, similar' CIUsts 
(1 em thick, uniformly puddled and stabilized 
with the soil conditioner) were plaeed ove, 
columns of different aggregate size ,anges and 
different porosities 

The aggregate elMSes were prepared in the 
following manner: The soil was dried, Clushed 

LIlCI'rE RIIIG 
lower edge) 

LIICI'rE !l'1lllE 

SOIL COLUMN 
MECI!AlIlCALLY PACKED 

FIo" 2" At'I'angement fOl mounting; crusts over' Boil columns" 
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TABLE 1 
Infilt1'ation tests with tn"m't1ar cclumns oj uniform Gilat loess under' dijJenmt crusts 

I'opJayer type 

ToplayeI' PI'Op- Thickness, Zi (em ,) 
erties POIosity, P (%) 

Conductivity, K (cm./day) 
Resistance, R (days) 

Sublaye. prop-- Po.osity, P (%) 
erties "a." value 

"n" value 
SatUIated conductivity 

(approx . .) (cm./day) 

Test results Flux, q (em/day) 
Predicted 
Mea.cml'ed 

SubcI'ust suction, hi (em,,) 
Predicted 
Measured 

and pru;sed through a 0125 mm sieve. It was 
then mixed with 0.5 pel cent of powdeled 
V AMA soil conditioner ("kIillium") and then 
was wetted in water-filled trays by soaking in 
cheese cloth.. Aiter 24 hours the .. tUI ated 
samples were chained and air··dl ied, The re
sulting "cakes" were then pulverized by hand 
and sCI-eened 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 
1.41 ± om grams/crn.'. These aggregate classes 
were packed mechanically into the lueite tubes, 
and the overall bulk densities obtained were 
1.03 ± 004 grams/cm' fOI the 0.25-0 .. 5 Inm. 

class and 0.94 ± 004 gmms/cm.' for the 2--5 
Inm. class .. The hydraulic conductivity vs. sue·, 
tion and wateI content relations (i,e., the Ha" 
and Iln" parameters) were determined by pres-, 
sure plate outflow measurements according to 
the method of Rijtema (6) . 

Effect of Crust Resistance on Infiltration 

The expeIimental results and theil' compari
son with the predicted values of q and h, ale 
shown in table L 

It is seen that the measured fluxes (Le .. , 
steady infiltration rate) closely approximated 
the predicted values of all elUst-capped col
umns, In the case of the aggregated toplayer, 

-_.-
Stable SJakod Puddled Puddled and 

Cemented Aggregates Crust Crust Crust 

1 1 1 1 
49 45 38 30 
221 0 .. 7 0 .. 3 0.1 

0.5 1 .. 4 3.2 9 .. 1 

48 48 48 48 
4 .. 9 X 10' 4 .. 9 X 10' 4.9 X 10' 49 X 10' 

2 2 2 2 
16 16 16 16 

13 8 4 
16 .. 8 13.4 9 .. 5 5 .. 0 

19 25 36 
5 64 88 102 

which was mOl" porous than the sublayer and 
did not impede flow, the infiltIation rate ap· 
parently was regulated by the properties of the 
sublayeI' alone 

Compalison of the predicted and measured 
SUbCIust suctions shows that the measured 
values, though higher, palalleled the predicted 
values and indicated the same trend, namely, 
an increase in subcrust suction with incleasing 
crust resistance" 

Effect of Sublayer Hydraulic Prope,ties 
an Infiltration 

The hydIaulic conductivities of the aggregate 
classes used are shown in fig. 3 (K vs .. "') In 
the range of suctions obtained in the transmis-· 
sion zones dUIing the infiltration through the 
capping Clusts, the following approximate val
ues of the Ha" and un" parameters were found: 

0-2 mm soil: a::: 4 .. 9 X 103 ; n ::: 2 
0.25--0.5 mm, aggl'egntes: a = 6.3 X lOB; n = 44 

2-5 mm, aggregates: a = 2.5 X 1011; n = 8 

Table 2 shows the compaIison between the 
theoretically pledicted and experimentally 
measured flux and suction values obtained duI'·~ 
ing the infiltration runs (with similal capping 
CIustS) . 

Compalison of the predicted and measured 
values of steady infiltration rate (flux) and sub-
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crust suction indicated agreement in tI'end" The 
actual di!3Clepancies between these values may 
result from the eITOI'S in the assumed K VS, h 
relationship, which can be especially serious in 

I •• ..--..,..--.,....--,--..,...--,......, 

45 

FIo .. 3, Dependence of hydI'aulic conductivity 
upon water content of the experimental soils, 

the low suction range, where the K ::: ah-fl 
equation may become inapplicable and where 
ail' entry and ail entrapment phenomena may 
occur, 

DISCUSSION 

The Plincipal finding derived from the ex
perimental data is that both the fluxes and the 
moisture profiles dUling steady infiltration 
showed reasonable agreement with the theory, 
i.e, the expelimental data palallcled the pre· 
dieted values of flux and suction FailUl'e to 
achieve a more exact agreement is probably 
due in part to the difficulty in measUling the 
conductivity of the soil with sufficient precision" 
However, the agreement is sufficiently good to 
justify the use 01 Equation (6) to estimate the 
infiltI'ation rate for a crusted soiL One cannot 
otherwise average the conductivity of the 
Clust and the soil propeJ!y .. 

In this paper, the K = a I h 1-' equation ap
peared to fit the data .. This may be 100tuitouS, 
however, The relation of conductivity to suc~ 

tion, or to water content, may not always be 
such a simple one. Various equations have been 
proposed in the literature and could be used 
to derive comparable expressions fa!' q, The 
expression used by the authors may also be 
formulated in the following way, whicb might 
have more geneml validity: 

TABLE 2 
til,filtmtion tests with dijj'eTent aggregate classes capped by simila1' crusts 

Toplayer type Puddled and cemented crust 

Crust propezties Thickness, Zi. (em ,) 1 1 1 
Porosity, P (%) 29 29 28.3 
Conductivity, K (cm/day) 8.1 X 10'" 79XlO-' 7 .. 8 X 10-' 
Resistance, R. (days) 124 12.6 127 

Subla.yer propeIties Aggregate sizes, mm, 0-2 0 .. 25-05 2-5 
Porosity, P (%) 49.8 617 65.0 
"a" value 4 .. 9 X 10' 63 X 10' 2 .. 5 X Ill' 
"n" value 2 44 8 
Saturated conductivity 16 22 30 

(app,·ox.) (cm./day) 

Test results Flux, q (cm./day) 
Predicted 32 15 12 
MeasuI'ed 6.1 2.1 20 

SubcI'ust suction, hi (em) 
Predicted 39 19 15 
Measured 50 50 26 
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wheI'e K is the unsaturated hydraulic con·, 
ductivity, K, the BatUIated conductivity, h the 
matIic suction, h. the aiI··entry suction, and 
n,a characteristic co:qstants 

Stated in tel IDS of Equation (8), Equation 
(6) becomes: 

(it )""'+1' q = K;/{ft+l) Rc (9) 

which can be rewritten as: 

!1. = (~)"/(O+>l 
K. K;R, 

(10) 

This indicates that the infiltlation rate rela
tive to the saturated hydIaulic conductivity of 
the subcrust soil vades inversely (as a frae·· 
tional powe, that is near unity) as the CIUst 
resistance and the BatUIated conductivity, This 
applies only when the suction which develops 
under the CIust is sufficient to desaturate the 
aoiL The exponential parameter n would tend 
to become less important as its value increases 
(as in a coarse soil), since n/(n + 1) would 
tend more and more to a ppI'Oximate unity. 

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

q, = (Kd)"'O+l' (h",,&)'''''''>l (11) 
q, ~ ha': Rel 

where subscript<; 1 and 2 I'efer to the two pro
files compared, Increa..:;ing soil coarseness, 
either textUIal 01' stluctural, would tend to inw 
crease with both K. and n, Equation (11) 
shows that this might either incI'ease or de
crease q, depending on the magnltude of these 
parameters, as well as on the h4 and Rc values, 

The findings of this paper may have practi
cal applications particularly where it is de,· 
sizable to decrease the soil infiltration rate 
artificially (e.g J in water harvesting schemes, 
or in earth-lined storage reservoirs)" U ndeI 
such conditioDS, the approach presented c~n aid 

in determining the desirable CIUst and subcrust 
soil properties which can be induced to best 
advantage 

SUMMARY 

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 bydraulic resistance of 
the crust and of the unsaturated conductivity 
characteristics of the subcrust soil. 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 inteI'act 
in time to form a steady infiltration rate and 
moistuI'e profile.. In this steadily infiltrating 
profile, the subcrust suction which develops is 
such as to create a gradient through the crust 
and a conductivity in the SUbCIUst zone which 
will Iesult in an equal flux thI'ough both layers 
The I'esults obtained flom laboratory column 
experiments indicated leasonable agreement 
with the theory. 
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