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SPECIFIC YIELD AND RELATED PROPERTIES

AN ANNOTATED BIBLIOGRAPHY

PART 1

- A. I. Johnson, D. A. Morris, and R. C. Prill

INTRODUCT ION

Purpose and Scope of Bibliography

The increasing use of ground water from many major aquifers in
‘the United State§ has emphasized the need for a more thorough under-
standing of the important hydrologic propenty called 'specific yield."
Early in 1957 a céqperative agreement was made with the California
Department of Water Resqurces to conduct laboratory and field research
on specific yield. One'purpos¢ of this 5-year research project isvfo
préepare a bibliography summarizing important literature on specific
yield and methods for its determination. This report represents an
initial. phase of the'bibliogréphy and cdvers primarily literature
from the United States for the period from 1900 throﬁgh the first
half of 1958.

The bibliography was prepared under the supervision of Joseph'F;
Poland, research éeolog@st, G. F. Wortz, Jr., and Harry D. Wilson, Jr.,

successive district chiefs, Ground Water Branch, Sacramento, Calif. .. .



Organization of Bibliography

This annotated bibliography summarizes much of the important
literature on specific yield and related properties but does not pre-
teﬁd to be complete. Because of the complexity of the subject it has
been necessary.to investigate other technical fields related to sﬁecific
yield. These inclﬁde the fields-of hydraulic and hydrologic engineering,
petgoleum geology, and soil science. Principal technical terms are
defiﬁed.later in this report. Papers not directly applicable oxr those
containing incidental information on specific yield and related pro-
perties have been omitted. ;

The annotations have been prepared to be inférmative rather than
descriptive. ‘Tye writers have attempted so to diéest'and summarize-
the papers that the reader can obtain the important points of the:
articlé without reading the entire paper. ‘Sufficient information
is included to enable the reader to evaluate the article éndvto assist
him in deciding which papers to imvestigate further in_feference to
his particular problem. However, the reader probably will-have to
go to the original papers for many specific deﬁails-and data.

Nearly 511 annotations are quoted or adapted from the text of the
article and thus are in esséntially the author's language. Exceptions
are indicated by appropriate notes.

The abstracts are arranged alphabetically by author. Author ana
subject indexes are provided. If several papers are listed for the same @ugnpr

author(s), the references are in chronological order.
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’ . -Definitions .

The following list presents definitions ot the most important and
the most frequently. used technical. terms used: in this biblicgraphy.
(anonyms and parallel terms are-given in parentheses.) .The table at
the end,of this definition is included for the_convenience of the .
reader in.converting,the'varions.pressure'terms used in the.annotations.
Also for the convenience of the reader,. the definitions were taken only
from the following sources:. ‘

- Aldrich; D.,G., and others, 1956, Report of definitions‘apprqved
by the committee on terminology, Soil -Science.Society of
.-America;~;Soil¥Sci.,Soc.-AmericatProc., v. 20, no. 3, p. 430-
. 440.
American Geological Institute, 1957, Glossary of geology and
~;;reiated sciences: .Nati.‘Acad; Sci., ‘Natl. Research Council
. PBub..501, 325 p.
_Calhoun, J. .G, 1953,:Fundamentals ofnresetvoir engineering:.
Norman,(OQIa.,ZOklahoma Univ. Press, p. 97.
Meinzer,40;¢E.,“19i3,-Outline ofiground-water hydrology,-nith

~definitions: U.S. Geol. Survey Water-Supply Paper 494, 71 p.
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Piper,'cois., 1950 8011 and plant analysis- ﬁew York, Interscience
Publishers, Inc o p 100
Theis, C. V., 1938 The significance and nature of the cone of depre331on

c o

in ground=water Bodie3° Econ. Geology, v. 33 no. 8, P 889 902

Adhesion potential. See Adhesion tension.

AAdhesion-tension;7‘The energylof attraction across the interface between'
'areoiid and iiquid, or between two immiscible liquids. - Numerically,
it fs‘equal to the sum.of sutfece‘tensions of the.substances eingly,
lees’thefintetfacial}tension (American Geological Institute,’1957,
pP. 4).1
Cagillaritya :The attractive force between two unlike molecules, ‘illus-
7trated;by the rising of water in capillary tubes ofghairiike_ |
’cdiameters or the drawing-up of water in small*interstices;'as those
between the -grains of a rock.(American Geological Inetitute,'1957,
p. 44).. -

"Capiliary~c0nductivity.. The ratio of the water-flow velocity to the

driving force in unsaturated soil. The calculation is valid under
conditions :where flow velocity is proportional to 'driving force.
For example,  in practical units.when the‘driving:forcelisvexpressed

in terms of the hydraulic gradient, capillary conductivity is the

‘ratio of flow. velocity to hydraulic gradient and ‘has: the dimension of

velocity. As saturation i:s. approached capillary conductivity
approaches the hydraulic conductivity (Aldrich and others, 1956,

P. 431)
./



Capillary fringe. A zone, in which the pressuré is less than atmospheric,

overlying the zone of saturatipn and containing.capiliary interstices
some or all of which are filled with water that is continuous with
the water in thé zoné of saturation but is held.above that zone by
capillarity acting against gravity (American Geological Institute,
1957, p.44).

Capillary potential. See Capillary pressure.

. Capillary'pressure. The difference in pressure existing between .two

~ phases, air-fluid, gas-fluid, or. between fluids, measured at points
of the interface and occurring in the interconnected phases in a

. rock (American Geological Institute, 1957, p. 44).

| Coefficient of Htorage. The coefficient of storage.of an ayuifer is the

- volume of water it releases from or takes into storage per unit sur-
face area of the quifer per unit change in the component of head
~normal tblthat surgace (modified by the Ground Water Branch from
.Theis,‘1938, p. 894).

COnnate.water. See -Retained water.

Diffusion. = The spreading out of molecules, atoms, or ioné into a vacuum,

a flu;d,.or a porous medium, in a direction tending to equalize
concentratiqns_in all parts of a system (American‘Geological Institute,
1957, p. 82).

Diffusion coefficieq;, A parameter in diffusion calculations, having the

.d;mensions‘distance—squared‘divided by time. It varies with the

nature of the particles diffusing, the nature of the diffusion

, medigm,‘and temperature. It is expressed by the formula lz tD1

o
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where 1 = length, t%%%@ime (Ameficah-ceoloéical Institute, 1957,

p. 82).

Field capacity. The amount of water held in a .soil by capillary action

after gravitational water has percolated downward and drained away;
expressed:as the ratio of the weight of water retained £0'theVWeigh%
of dry soil (Aldrich and others, 1956, p. 433). o
Free energy. The capacity of a system to perform~wérk, a change:in-ftee
.energy being,measdred by the maximum work obtainable from a given

process (American Geological Institute, 1957, p. 116).

Freezing point. The temperature at which a liquid solidifies;(especially
apélied,to pure water which has freezing point at OQC or 32°F‘gnder
nofmal,ammospheric pressure (American Geological Institute, 1957,

p. 116). |

Heat of wetting. The heat of wetting is the heat evolved when .dry soil

is wetted, It is expressed in .calories per gram of dry-soii (Piper,

1950, p. 100).

Hydraulic gradiemt. Pressure gradient. As applied to an aquifer it is

the rate of change of pressure head per unit of distance of flow at
a given point and in a glven direétion'(MeinZer; 1923, p. 58).A

v i 3]

ﬂydrostatic pressure. The pressure exerted by the water at. any given point 1nﬂﬁﬁﬂ§f

in a body of water at rest. That of ground water is generally due
to .the welght of water at higher'levels in the same zone .of saturation
‘(American Gedlogical institute, 1957, p. 143).

Hygroscopic coefficient. The hygroscopic coefficient of a soil is the

ratid/of (1) the weight of water which at that temperature the soil
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.will absorb if, after completely dry, it is placed in free contact
with a_saturatédAatmospheré until equilibrium is established, to (2)
the weight of the soil.,wh‘en‘dry‘° This ratio is expressed as a per-
centage (Meinzer, 1923, p. 24).. |
Imbibition. The tendency of granular rock, 6r any porous medium, to
‘”“imbibe" a fluid, usually water under the force of capiilary
attraction, and in the absence of any pressure (American Geological
- Institute, 1957, p. 146). |

Infiltration. The downward entry of water into soil (Aldrich and others,

.1956).

Interfacial tension. The force tending to reduce the area of contact

~ between two liquids or between a liquid and a solid (American Geo&u¢;c§ﬁ
logical Institute, 1957, p. 151).

Irreducible saturation. See Retained water.

Irreducible water. See Retained water.

Moisture.équivalent. The ratio of (1) the weight of water which the soil,
after saturation, will retain against 5 centrifugal force 1,000 times
the force of gravity to (2) the weight of soil when dry. The ratio
is stated as a percentage (Méinzer, 1923, p. 25).

. 0 _
Moisture potential. See Capillary pressure.

Moisture tensigaﬁf The equivalent negative gauge pressure, or suction, in
the soil moisturef Soil-moisture tension is equal to the equivalenﬁ
negative or gauge pressure to whichvwater must be subjected in order
to be in hydraulic equilibrium, through a porous permeable wall or

~membrane, with the water in the soil (Aldrich and others, 1956, p. 435).

7



,Mbisture‘retemtion;' See Specific retention.

Osmotic;preSSure, If a pure solvent is separated from a solution by a

" membrane permeable only to molecules of the SOIVent; the extra
pressure which muct be applied to.the solution in order to prevent
flow of solvent into ft bylosmosis'isiknown as the osmotic .pressure
.6f the solution (American Geological Institute, 1957,*'p° 207).

Permeability. ~ The permeability (or perviousness) of rock is its capacity

for transmitting a fluid. Degree of permeaﬁility-depends_upoﬁ'thﬁ
size and shape of the‘pores,.the~size‘and shape of their inter--.
connec¢tions, and the extent of the latﬁer, It is,meésuredfbylthe
rate at'wh%gh a fluid of standard viscosity can move a given dis-
tamce,thro;gh a given interval of time. The unit of perméability is
the Darcy (American Geological Imstitute, 1957, p. 217).

Porosity. The ratio of the aggregate volume of interstices in a rock or
soil to its total volume. It iIs usually stated as a percentage

. (Meinzer, 1923,’ p. 19).

Pressure membrdane. .A membrane, permeableée to water and only very siightly

permeable to gas when wet, through which water can escape from a soil
sample in response to pressure gradients (Aldfich and others, 1956,
p. 436).

Pressure potential. See Capillary pressure.

Relative permeability. The ratio of the effective permeability to a
given_fluid at a defirite saturation to the permeability at 100

percent saturation (Calhoun; 1953, p. 97). - g »

Retained water. Interstitfal water -held by molecular attraction against

8



gravity, in isolated interstices or as water vapor occupying interstices
from which liquid water has been withdrawn (American Geological
Institute, 1957, ‘P. 245)

. Specific retention. As applied to a rock or soil it is the ratio of (1)

t

the volume of water which after being saturated, 1t will retain against-:m“

the pull of grav1ty to (2) 1ts own volume It is stated as a percentage
(Meinzer 1923, p 29)

Specific yield. As applied to a rock or soil it is the ratio of (1) the

- volume of water which, after being saturated, it will yield by gravity
"to (2)-its own volume. .This ratio is stated as a percentage (Meinzer,

1923, p. 128).

TransmiSsibility,coefficient;: The rate of flow of water, in gallons peri;
day, at: the prevailing temperature, through each vertical strip of-the |
aquifer 1. foot wide having arheight equal. to the thickness of the aquifer
.and undersa.unit hydraulic”gradient'(American Geological Institute,

- 1957, p.. 303).

Uniformity coefficient. The quotient of (1) the diameter of a grain that is

just.too large to pass through a sieve that allows 60 percent of the

« material,.by‘weight; to pass. through, divided by (2) the diameter of a
grain that is just too-large to pass through a sieve that allows 10 per-
cent of the material, by weight, to pass through' (Meinzer, 1923; P. 45);

Wilting.coefficient; “The ratio of (1) the weight of waterfin»theesoil at

the moment when (with gradual reduction in the supply of soil water)
the leaves of the plants.gro&ing'in the soil first undergo a perma-
nent reduction in their water content as the result of a deficiency



in the supply of soill water to (2) the wéight of the soil.whén-dry.

The ratio is expressed as a percentage (Meinzer, 1923;_p. 24).
- BIBLIOGRAPHY

Alway, FpiJ;,.and‘McDole,,G; R.; 1917,’Relation,of ;he water-bearing
.capacity of a soil to its hygroscopic coefficient: Jour.’Agf;

Research, v. 9, no. 2, p. 27-71.

Tﬁirteen spils, representing .some of the most important soil types
in Nebraska, weréAused in a study‘of the relation of the water-retaining
.capacity of a soil to ;ig.gygrosc§§ic,coefficient, Thé_soils,rénged ih
texture frdm a.coarsé s;ndjfo é silt loam. 1In one experiment, cylinders
3 feet in length and 6. inches inldiameter.were'filled<with”uniformVa1r=
dry lsémﬂsoils. The soilé,in the cylinders were placed_invcapillary
connection with the loess:floor of a greenhouse, A 2-inéh layer of gravel
was placed on top of the soil and 15 pounds of water waéwallowed to in-
filtrate from the top . of the column, E{ght inches of moist soil was then
applied at the top of the soil columm and tHe‘cyliﬁder was .sealed. One-
inch samples.were_taken,throughoﬁt the total length of the'soilucolumns at
the .end of 31, 44, 54, 96, 104,.109, and 126 days, Soil-moisture equilibrium
4was,not‘established in the columns unﬁil after. 96 days.. The average moisture
content of samples taken from 96 to 126 .days was 13.8 percent. This value
was very close to the moisture equivalent which was 13.5.

Another experiment was performed similar to the one described above
except that a 6-inch layer of sand and‘graVel-was placed between the 1oam

soil and the greenhouse floor. After 26 days the loam soil had a moisture

*
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Taken or c;lculaéed (*) from Zimmerman, O. T., and Lavine, Irvin, 1955, Conversion.factors and tables:

Pressure Conversion .Factors

Industrial Research Service, Inc., Dover, N H.

in.

psi

atm cm ., mm in. cm . mm ft bars
mercury. mercury. mercury water water water water
atm 1 76 760 29.921 1033.2487% 10332.4867%: 406.79 33.899 14.6960 1.013250
0%) %) (32°F) (39.2°F) (39.2°F) (39.2°%) (39.2°F)
mercury 0.0131579 1 10% 0.3937 | 13.5956% 135.9563% 5.3526% 0.44605 0.193368 0.01333221
(0%) (0°c) %) (39.2°F) (39.2°F) (39.2%) (39.2°F)
mercury 0.001315789 0.1% 1 0.03937 1.3596% 13.5956% 0.5353% 0.044604 0.0193368 0.001333223
(%) (0%) (%) (39.2°F) (39.2°F) (39.2% (39.2°F)
in. . . ’ .
mercury 0.0334211 2.54000508% 25.4000508 1 34.5376% 345.3765% 13.596% . 1.1330 0.491157 0.0338640
(32°F) 0°c) (39.2°F) (39.2°F) (39.2°F) (39.2°F)
cm : -
water 0.00096779% 0.07355% 0.73553% 0.028958* 1 10% 0.3937% 0.03281% 0.014223% 0.000980616*
o. o :
(39.2°F) (32°F) (32°F) (32°F) (39.2%F) (39.2%) (39.2°F)
mm
water 0.00009678% 0.007355% 0.07355% 0.0028963% 0.1% 1 0.03937* 0.003281* 0.001422% 0.000098062%
(39.2°F) (32°F) (32°F) (32°F) (39.2°F) | (39.2°F) (39.2°F)
in. : . -
water 0.0024582 0.18683% 1.86828% 0.073554 2.54000508% 25..4000508% 1 0.0833333% 0.0361265 0.00249077%
(39.2°F) (32°F) (32°p) (32°F) (39.2%F) (39.2°F (39.2°F)
£t _ ,
water 0.0294990 2.24193 22.4193% 0.882647 30.48006096% 304.8006096% 12 1 0.433518 0.0298899*
(39.2°F) (0°) (0°c) (32°F) (39.2°F) (39.2°F) (39.2%)
psi 0.0680457 5.17148 51.7148 2.03601 70.3099% 703.0988% 27.681 2.3067 1 0.0689473
(0%) (32°F) (39.2°F) (39.2°F (39.2°%) (39.2°P)
bars 0.9869233 75.0062 750.062 29.530 1020.6858% 10206 .858% 401.844% 33.487 14.50385 1
0°) 0°%). (32°F) (39.2°F) (39.2°F) (39.2%F) (60°F)

Multiply unit at left by

number in column to get unit at top of column.



content that averaged 6 fercent more than,the continuous loam columné of
the above experiment. The soil immediately above the sand and gravel
" averaged 6 percent higher in moisture content than the soil near the
surface.

Another experiment was carried out in which 2-inch layers of 6 differ-
ent soils were differently arranged in 7 cylinderg; 18 inches long and 6
inches in diameter. The soil at the bottom of the cylinde: was placed in
.capillary contact with,the loess floor of the greenhouse. Seventeen
pounds of water was added to the surface and moisture samples were taken
after a pefiod of from 6 to 9 days. No difference in moisture content
‘was observed,in-ﬁhe respectiveAlayeré regardless of the sequence in which
they occurred, except.whem dune sand was used to sepafatebthe layers. ~L

The .dune sand caused higher moisture contents in the overlying,layers.f“

When the sequence of layers was not interrupted by a sand layer, the
" moisture .content of the respective layers was very close to the moisture

equivalent.

Archie, G. E., 1942, The electrical-resistivity log .as an aid in deter-
mining some reservoir characteristics: Am. Inst. Mining Metall.

' Engineers Petroleum Technology Jour., no. 1, Tech, Pub. 1422,

DetérminationAof thé_significance of the resistivity of a producing
fofmation_as recorded syvthe‘eleétrical log seemed to depénd principally
on the application of empirical relationshiﬁs established in the labora-
tbry between certain physical properties of a reservoir rqck_and the
formation factor. This study presented some of the laboratory data and

11
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indicated its applicétion"to-quantitative studies of the electric loé.
These iﬁclpded the relationtof‘porosity and permeability to resistivity,
apd the determination of connate water content, porosity, and salinity of
formatiop water from the electrical log.

The usefulness of«the.g}gqtrical-resistivity log in determining
reservoir characterigéics was controLled‘mainly by the accuracy with
which the true resisti;ity of the formation-;ould be determined, by the
a&equacy of detailed data relating resistivity ﬁeasurements to formation

characteristics, by the émoun; of available information pertaining to the

conductivity of connate or formation waters, and by the abundance of

geologic knowledge regarding ﬁrobable.changes in facies, both vertically
and horizontally (as it affects the electrical properties .of the reservoir).
Although the use of the electricalmresistivity method to determine

the physical nature of reservoir-material under favorable conditions was

- recommended, the author suggested that considerable care:by exercised in

its applicatiqn.

Beckett, S. H., Blaney, H. F., and Téylor, C. A., 1930, Irrigation water |
réduirement studies of citrus and avocado trees in ‘San Diego County,
Chliféfnia, 1926 and 1927: California Univ. Agr. Expf,_Sta. Bull. 489.
A part ofvthis study of irrigation—water requirements of citrus and

avdcado trees .was concerned with sampling of experimenﬁal plots to detgrmine

soiizmbisture, Samples were .taken iﬁ 1-foot sections tb a depth of 6

feet, unless sampling was prevented by the absence of soil or other un-

favorable conditions. During the irrigation season, samples .were taken

before and after each irrigation and at intervals of 2 to 3 weeks between

12



irrigations. During the winter periods samples weré taken after each of =,

the major rains. The average moistute equi%alents nere determined for
most of the experimental plots; The moisture equivalent ranged.from 7.3
‘to 15.9 percent. In soilgsin the lower part of the range, the field caé
pacity generally exceeded the moistufe,equiVaient, but in eoils in the
higher part of the range the field capacity generally-was cdnparable,to

the moigsture equivalent,

Bethel, F., T., and Calhoun, J. C., 1953, Capillary desaturation .in
unconsolidated beads: Jour. Petroleum Technology, v. 5, no. 8,

p. 197-202.

' . Capillary-desaturation curves reflect in genmeral the character and
arrangement of the pgéeeiwithin‘pbrous,media and the .distribution of
fluids within the pores. This study attempted to evaluate the'qnali-'
tative and~quantitatiVe‘significance.of two vatiables, inteffacial |
tension and contact angle, as they are ordinarily used to cha:aetetize
surface forces.

The experiments determined the capillary desaturation of n-octane by

water on a series of packs of giaes beads which had been rendered oil-
wet to different degrees by treatment with silicones. Capillary desathr
ration was accomplished by the .restored- state technique (in which the core
sample, saturated with a wetting fluid, is placed on a porous,diaphragm
permeable to the wetting phase) using a Buchner funnel containing a
fritted glass disk. All parts of the cell were rendered oil-wet. The
cell was packed by adding glass beads while jarring and rotating the cell
filled with 10 cubic centimeters of n-octane. By using this .method, packs

13
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were obtained which were wiﬁhinll percent_of”beingl}goﬁpegggn; sa§urated°
The degree of saturation of the packed‘beads_duriqgﬁdgggtgga;iop_was,gomp.
.puted.from the:yolumetric displacement of n-octane, measured in a p}pette,
as the displacing pressures were increasedf_L I R

The desaturationvcﬁrves indicated a regulari;y?9§4;pc§easiggCQés-
blacement pressures as the oil-wetness increases. This was used to comp
pute apparent contact angles beéween n-octane and water on glass. The
: famiiy of desaturation curves also revealed é'réguEQQCEbsébbef, so that
the residual wetting-liéuidnsaturation valueé w;fé in féveréé”ofdér to the
displacément.pressures. A semilogaritﬁmic variapigphwggtshown‘between the
apparent contact angle.and the residual saturation, -The desaturation daga
were interpreted to mean that .the wetting liquid. ceases_ to be a c§ntiangs
phase within individual pores before the capillagy:ppegsu;q capﬁbe raised
sufficiently'to force out the wetting phase; completely. :Ihefgatuerion
of wetting liquid at which this break in liquid continuity ggcﬁrswwas_higher
as the oil-wetness decreased.. These comments had a bearing on the true
significance of capillarywdesaturation‘curygs.‘,Uglegngpg,po;ogs system
was sufficiently wet by the displaced liqui@qu'm%iqga§n a_gpntinuity oﬁ
liquid to gustain flow from ail.pores within the system, the desaturation
curve lost its physical significance as'aAmeasuregqf:g@;g“pbaragper., A
change in saturation on a desaturation curveiwhichﬁ;egrgggnts ;rue‘capillary
equilibrium or moisture equilibrium at alllingefﬁageg within the porous .
medium must consist of two parts - that due_co-gntry of new - pores and that
due to chahge.bf pendular rings of liquid at the liquid-solid contacts.
This suggested that such_techniqu@s as_the mercury injection or desaturation

14



of a wettingliiduid with a gas would Be the most reliablé”f&pe of de-

saturatibﬁ curQe-f&f-computihg pore radius.
Any other‘gr§ss-meaSurements such as electrical resistivity and

relative perﬁeability which dependlon fluid distribution with a pore

‘ matrix w§§1d'be_sensi£ivé to the variations shown in the capillary

d%%ﬁ?ﬁraéiin'cufvesf

Blake, G. R: anﬁ Corey, A. T., 1951, Low pressure contfolnfor moisture

release studiess Soil Sci., v. 72, p. 327-331.

This paper discussed a simplified, inexpensive; commercially avail-
able apparatus that has been found to be entirely suitable for accurate
pressure control in fhe 0 to- 2 atmosphere range, The pressure-control
unit consisted of two regulators in serles, the first giving a reasonably
constant.pféséuré éﬁtpuﬁ for the second which was a precision regulator}

' The success of the control system was dependent primarily on this preciéion
regulator which qperated from relatively constant supply pressures up to
100 pounds per équare.inch, but was recommen§§§¥co be used'at‘GO pounds

per square'inch.' A desirable arrangement ﬁas:ES ﬁse a pressure source
greater than 60 pounds per square inch and to maintain the pressure through
the firé; regﬁiator at 60 pounds. This pressure then became a constant
‘source for the precision fegulatora Experience with this system of two
regulators indicated that pressure settings could be made within 1
millimeter of water énd if direct jérringvof the regulator itself wasi;j 
avoided, the pressure settings would remain cdnstant'indefinitely; |
Although the precision regulator gave excellent results, an asbestos tension‘

- 15



table was found to bevmore_convenientAandﬁmore:expedient to determine 1i:3;
moisture characteristics in the tension range between 0 and about 150
centimeters of water.

" Bodman, G. B. and Colman, E. A., 1944, Moisture and energy conditions
during downward .entry of waﬁer”into soils: Soil -Sci. Soc. America

% proc. (1943),° V. 8, p. 116-122,

InAthis.s;gdy‘partiguliy.attention was given to the distribution of
Q°i$t9F€_QQQC§n§ and.moisture.potentiél within soil columns during down-
ward penetration of water.

Two soils, the Yolo silt loam and the Yolo sandy loam, were packed
to uniform apparent densities in:2-inch-diameter brass tubes. Stacks of.
cylinders, each.5 millimeters in height, ‘were built up and bolted together
to form tubes approximately 40 -centimeters in height.

... The:rates of water entry and water penétratiOn'into the soil column
were: measured until water. had reached a<predetérmined'depth; at which
time the water supply wasiremovéd, tge surplus water pipetted from the

- soil surface;.and the soil column rapidly sliced into moisture samples.
Each infiltration test was terminated before water had benétraféd to the
‘bottom of the soil.column;

. The permeability of the soils in the water-saturated state was
determined-directly in a.constant-head permegmeter and in the water-
unsaturated. state was determined~inﬁirect1y frgm wafer'fiow and moisture-
potential: data obtained during infiltration. :Pfesshre pbteﬁtials were
not measured. directly in the infiltration experimént becausé of the time

-
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lag involved in the use of porous-clay tensiometers. Instead, soil

samples in porous-clay plates were wetted from water reservoirs until

equilibrium was reached with the knam tensions at which each reservoir

was held. Corresponding values of moisture content and pressure potential

were thus obtained for the soils studied.

The wetted zones of the two soil columns were divided ‘into the four

distinét parts listed below.

1.

The surface l-centimeter layer reached a moisture content
approximating saturation at the time the water had penetrated to

a .depth of about: 10 centimeters.

Below the saturated surface layer the soil-moisture content

decreased rapidly with.deéth until at about 6,centiﬁg¢w$g§~it
~reached a value soméaﬁét higher than half way between the -

‘moisture equivalent and saturation.

Below the 6-centimeter depth.described above,  the moisture content

decreased with depth until the dry soil was reached., Within this

. zone, downward progress of the wetted front was accompanied by an

incréasing moisture content of the soil. . This interval represented

the wetting portion of the infiltration zone as contrasted to the

" transmitting zone between it and the sdil surface.

~ The wetting zone terminated abruptly at the wet front. Water

moved into .the dry soil as a distinctly wet wave.and no visible

.evidence of any diffﬁéion of moisture ahead of the obviously

wetted soil was observed. Data suggested that the wet-front
moisture content was characteristic of the soil but was probably

17



independent of the depth of the wetted soil.

The moisture equivalent did not seem to repreéent the minimum moisture
at which ready capillary movement could take place. However, the wet-front
‘-moisture contents may be significant fqr the soils tested, possibly repre-
senting the lowerilimit of ready capillary permeability under»ﬁhg.condition
of soil wetting.

. The moisture potential-depth curves of the transmifting zone maintained
a constant type of configﬁratipn, although the thickness of the zone increased
as infiltration proceeded. The average potential gradient and.permeabilityfﬁﬁﬁgf
in this zone are of dbminant importance in the rate of delivery of.water to
the zbne being wetted below. The infiltration rate decreased with time in
both soils. This decrease was not believed due to permeability changes in
the upper soil layer, but rather to a decrease‘in moisture-potential gradient
resulting primarily from an increasing depth of penetration.

Similar values of preSSure,potential at the base of the(transmitting
zone indicated a possible significance of the determination of permeability
at a pressure potential of about -2.8 x 104 ergs per grém. '

The results of this study indicated that the soil moisture must be
raised to the minimum values found at the wet front befére water can
move .across. this front to wet the dry soil below. Under conditions im- -
posed by drainage it became apparent that the wet-front moisture represented

the lower .limit of capillary permeability.

Bodman, G. B., an& Day, P. Ro,bl943, Freezing point of a group of California

" soils and their extracted clays: Soil Sci., v. 55, no. 3, p. 225-246.
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This study was undertaken to investigate by the cryoscopic or freezing-

point method the magnitudes of the free energy of soil water at different
‘water contents, and some of the factors affecting these magnitudes. This
method determined the difference between the free energy of water in bulk
and that of water in moist soil.

The term "moisture potential'" (i) was used to define the free engergy
of escape of soil water, when consideration was given to the influence of

pressure, temperature, and solutes, as follows:

L. T
e £
o
in which
Frfika
"B = moiSture potential (in text),
'Lf«= latent heat of fusion of water (= =3.336X109ergs gm. -1)
(The quantity of heat necessary to change one gram of solid to
"a liquid with no temperature change),
VTV = freezing-point depression of water (OC),
T, = freezing point of pure water,

and the moisture potential is obtained in ergs per gram of water.

The soil sample, weighing approximately 5 grams, was enclosed in a
small Dewar-flaskvequipped with a thérm;jungfion and,the assemble was
- immersed in}a kerosene bath at a suitable‘temperature. The reference

temperature was produced and maintained by means of -aiusecond Dewar flask
filled with a mixture of ice and water and containing the other junctipn
.oflthe thermocouple. The elecﬁrombtive force p;odgéeé Ey the thermocouple

was measured by a sensitive galvanometer and potentiometer, and the

difference in temperature between the two junctions was computed from
‘ 19
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calibration tablés..
The freezing-point depression at the moisture equivalent was studied.

for 14 nonbaline soils. The entire range in molsture potentials was from
6 6 |

wO 24 X 10 to -2 3 X 107, but the-values of 12 soils were within the

narrower range of -0.73 x 106 to -1.6 x 106'ergs per gram. The mean value

~for all was =-1.12 x 106,ergs per gram which was. lower than that obtained

by the‘porous°cgp¥tensiometer technique.

The authors believed that an important factor, not measured by the

.tensiometer, was depressing the moisture potentials as calculated from the

frgezing points. Consequently, the.electfical conductivities were measured
fér‘ghe soils to determine the abugdancg of dissolved solutes. From these
déta the observed variépions in moisture potential at the molsture equivalent
were fodnd to ﬁé.due largély to variations in solute concentrations.
Soils weré puddled in two different ways and freézingvmeasurements
were madeﬁﬂ;SéQuéntly. Drastic changes in mechanical methods had only a
_ L .
slight {nfluence on the energy cutves. 'This was attributed to avhigh degree
of stability of the microstructure. | -
The moisture contents of soils at moisture potentials between -1 x 106
and w30'x iO6>ergs per,gramvwere obtained from the freezing-point depression
curves and examined in relation to the corresponding contents of cLaj finer
than 2 microns. The results indicated a distinct correlation between clay
content.and moisture coﬁtent at a constant moisture potential. The 'clay
coefficient" was considerable less at lower energy values. This suggeéted
that factors other than the total amount of clay played an important role

as the energy levels of the soll moisture diminlshed
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Consideration was given to the possible effect of differences in the
mineralogical character of the colloidal clays upon the freezing-point
curves of soils. To test this, clay samples were taken from seven soils.
Freezing points at different moisture contents were obtained for these soil
clays and for montmorillonite and kaolinite'clay minerals. X-ray diffraction
patterns of six soils were examined. The different soil clays dispiayed |
widely differing moisture-potential curves. Kaolinitic typés seemed to give
results similar to coarser grained material, though there was no precise
4rela£ionship between the poéition of the energy curve and the type.of pfé-
dominating clay mineral present. Soils of related genétic origin had siﬁilar
energy curves. Unless this was due to a baiancing of factors, the surface
' properties, extent of surface, and structural configuration were very much

the same for colloids from soils of related origin.

Bouyoucos, G. J., 1922, Relation between heat of wetting, moisture

~ equivalent, and unfree waters Soil Sci., V. 14, p. 431-440;

©

The results of an investigation to ascertain the relationships that
‘exist between heat of wetting, unfree water, and moisture equivalent of
soils Qere reported. A close and consistent relatf%nship between the‘heat
of wetting and the content of unfree &ater was indicated, but no apparent
relationship between the heat of wetting and.mois;ure equivalent or between
thé content of unfree water and moisture equivalent was observed. The
moisture~equivalentvmethod did not give an absolutely equivalent.moisture
for all of the soils. Some of the fine-textured and colloidal soils
contained considerably more moisture than their mbisture equivalent.
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Bouyoucos, G. J., 1929, A new, simple, and rapid method for determining
the moisture equivalent of soils, and the role of soil colloids on

 this moisture equivalent: Soil Sci., v. 27, p. 233-241.

A new method was presented for bbtéining a soil-moisture conteht com-~-
parable to moisture equivalent; " The principle of the method was based on
pulling water from the soil by suétion or vacuum forces. A Buchner funnél'
was'conﬁeéted with aisuétion'flfsk. A filter paper was placed in the funnel
and the funnel was threéafoﬁrths filled with soil in the natural condition,
and water was introduced. Aftee the soil became saturated, a suction of
abdut:ZO millimeters was applied and was continued for a period of 10
minutes;afper all the standing water had disappeared from the soil. The
funnelivas_covgred Qith a moist'thin cloth during the.suction procéés°

The author stated that the method seemed reliable for determining thé
comparative watermholding powers of soils and gave a realistic comparisoq to
‘the moisture eqﬁiValents of the soils. If directions were followed egplicitiy;
-fesults could bé duplicated within agout 1 pefcént. The results obtainéd by
tﬁis method'Indiéated a remarkablﬁiclose relationship between the water-
Holding power and the éolloidal contentiof soils as determined b& the hydro-
mefer:method.' Because the relationship was so close, if one result &as known, .
the other‘COuld be caicﬁlafed. No relationship was noted between the amount

of coarse silt and sand; and the moisture equivalent.

Bouyoucos, G. J., 1935, A comparison between the suction method and the cen-
trifuge method for determining the moisture equivalent of soils: Soil
Sci., v. 40, p. 165-171,
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The suction method for determining the comparative water-holding power
of soils, or the mofsture equivalent, was further studied and improved.
The method involved pulling water out of the soils by suction.

Two different systems were used to pfoduce thel;;;uumﬁ (a) a water-
jet or filter pump, and (b) a displacement-type vac;;ﬁ.pumpo The method as
finally standardized gave very cloée agreement in replicate tests. The
‘water-jet pump gave almost exactly thé.same results as the vacuum pump,
The-suction method was compared with the standard centrifuge method for
determining moisture equivalent, and the results indicaped_that thé_two

methods agree closely in the majority of soils inveétigated, but, in general,

the suction method gave somewhat higher values than the centrifuge method.

Bouyoucos, G. J., 1947, Capillary rise of moisture in soil under field con-
ditions as studied by the electrical resistance of plaster of Paris

" ‘blocks: Soil Sci., v. 64, p. 71-8l.

| This study investﬁgated the capillary rise of mdisture:iﬁ$gﬁiiéiof

uniform texture under field conditionms.
0pen=end_£aﬁks 3 feet high and 3 feet in diameter were filleq.with soii

and imbedded into field soils in which the position of the wa;epv;able ranged
from the land surface to deeper than 6 feet. Plants were grown in the tanks
to reduce the moisture confent of the‘soilskto different values and to dif-
ferent deptﬁs. The plants were removed, the tanks were .covered to prevent
evaporation, and.the moisture contents of the tanks‘were.detérmined by the
electrical resistance of plaster of Paris blocks as equilibrium was established
under the new moisture g;adient, |
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lAlthoﬁgh the amount of capillary movement.was‘somgwha;'greape;';nvgandy
"loam than~iﬁ clay loam, the resultg of_the tests.ove; aA2uyea:,period%(a
longer period was studied butvnot presented in this paper) indicated éhat
unless the watef’table was‘High enéugh'to wep'the:ééil‘iﬁ the tank,'that
capillary rise added very little to the mdistureiéontént in a tank that was
controlled below field capacity. The rate of caﬁilléry:rise.was extremely

slow and the height of movement was véry'smaliﬁ'

Bouyoucos, G. J., 1954, New type electrode for plaster of Paris moistuyre

blocks: Soil Sci., v. 78, p. 339-342.

A new type of electrode utilized in plaster of Paris blqéksffbr soil
moisture determinations was:évaiuated. The electrodes were made‘from‘éo;ﬁi
mesh stainless steel screen and were 15/16 inch longﬁénd;4/16 inch wide,
.Two electrodes were placed 3/16 inch apart 1n'é'p1aétéf“6f Péris$510c£, the
outside dimensions of which were 1 11/16 by 11/16 by 1 4/16 inch. The blocks
were treated with a nylon resin for longer life. o - o

This screen-type electrode.constituted a very.impbrﬁaﬁt iﬁérddéﬁént”in
the design of plaster of Paris blocks. The fdlloﬁfﬁé:iﬁérdvéméﬁﬁé Weré‘ﬁoted:
The plaster became enmeshed in the screen proauéiﬁgiéfréinfofcéd’mulfiplé
contact be;ween.thevelectrode'aqd the.casting, thus gg?pripg,sfable petformance.
The blocks haa'ligtle or no capacitance, whiéh.was_impp;tant because the in-
strument‘héd no provision for counterbalancing capacitance. The blocks were
affected only slightly by "strgy chrrents;" The:ﬁéW'biécks Qéfe sensiﬁive to
changes in soil moisture at fenéﬂx&iranging from1260'téH330‘céntimetéfsABf
water. | o
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Boyd, J. R., 1925, Procedure for testiné‘éﬁﬁgrade soils: Public Roads,

V. 6, no. 2, p. 34-41.

EH?TQ Chénges in the procedures for testing subgrade material, including
.fhe ﬁoisture-équivalent test, were given. 'In the modified moisture-
equivalent test a saturated 5-gram soil sampleiwas placed in a damp
closet and was allowed to draiq overnight. The sample was then placed
in a Babcock cup and centrifuged at a force of 1000 times gravity for

1 hoﬁr. The Babcock cup was provided with a brass cap to prévent
evaporation. The moistﬁre-equivalent tests'were run ih duplicate. The ]
author suggested that the variation between the two results should not
»gxceed 1 percent for moisture eQuivalents of less than 15 percent and 2
percént for moisture equivalents of 15:percént or greater.

The moisture equivalent provided a means of cqmparingAdirectly the
relative ease with which subgrades of different physical characteristics
could be drained. Soils having high moisture equivalents were reiatively
more.difficult to arain than those with low moisfu;e equivalents. Soils
B having a moisture equivalent greater than 20 percent were considered to be .

doubtful for use as subgrade materials.

Briggs, L. J., and Mclane, J. W., 1910, Moisture-equivalent determinations

“and théir application: Am. Soc. Agronomy Proc., v. 2, p. 138-147.

The term '"moisture equivalent' was used to designate the maximum

percentage of moisture a soil could retain in opposition to a known
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centrifugal force: As avstandard basis of comparison, a centrifugal
force equal to 1,000 times the force of gravity was adopted. This
procedure fér determining the moisture equivalent of a soil was given .
as follows: Each soil was put through a 2-millimeter sieve; a sheet
of filter paper was place& in the bottom of a perforated cup; and .
aﬁount of sqi}.sufficient to give a packed layer 1 centimeter thick
was used; the soil was moistened and was allowed to stand for about
24 hours, protected from_evapération;.a small amount of water was then
added to the soil and the sample was centrifuged for 40 minutes ét a .
velocity-of‘2,440_revolutions pef minute at a temperature of 20°¢ and
the moisture content determined..

The moisture equivalent valges of the'soils studied ranged from . -
2 percent in coarse sands to 50 percent in the heavier clays. The
authors pointed oﬁt that this method of moisture-equivalent determina-_
tion proyided‘a single-value expression of the moisture retentiveness

of a soil measured in a definite way,.

Broadfoot, W. M., 1954, Core vs. bulk samples in soil-moisture tension
analysis: U.S. Forest Service, 5th Forest Expt. Sta. Occassional

Paper 135, p. 22-25.

A comparis;n was made of the moisture contents of core- and dis-
turbed -soil saﬁples at various tensions. Two procedures designated as
A and B were used.

In procedure A, 5 pairs of core and bulk samplés were obtained
ffom each of 3 soils: Commerce silty clay, Briensburg silt loam, and
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Basket very fine sandy loam. The cores were obtained in ‘stainless
steel rings 2 3/4 inches in.diameﬁer and 3/4 inches in depth. Each
bulk sample was taken close to or adjacent to its corresponding paired =
core. in the laboratory, the bulk samples were prepéred by hand
crushing .and by sieving through a U.S. Standard, 9-mesh ‘sieve.. The
soil from the bulk samples was placed in rings that were covered ét
one end with a filter paper and cheesecloth. The soil cores were‘élso
covered with cheesecloth and filter paper. The'paired samples were
tested simultaneously on a tension table (supported semi-permeable
membrane attached to hanging-water column) at moisture tensions of -
5 and 60 centimeters of water; and in capillary pressu}e cells‘(an
enclosed chamber containing a semi-permeable membrane at one end and
a pressure tap at the other) at 1/10-, 1/3-, and l-atmosphere pressure,
and, usﬁngﬂVisking=sausage'casiné as a semi=permeab1e.membrane, at 3-
and l5-atmospheres pressure. From 6 to 24 hours.&ere allowed for
moisture to reach equilibrium for samples on the tension,téble and from
24 to 48 hours for samples in thg pressure cells. Soil-moiSturé values
obgainedAfrom procedure A, though useful for coméarative purposes, were
soﬁewhat higher atlhigh,tensions than data previously obtained on two
of the soils. The‘thickness of the filter paper=cheesecloﬁh~combina=
tion apparently caused the water columms to break tension Qhen the
moisture content was reduced.

In procedure B, 16 paired samples of a silt-loam loess were taken

at different depths. The cores were taken in brass rings, 2 inches in
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diameter and.%,inch deep, Eicept in the 3- and 15-atmesphereedeter-
miﬁations where cheesecloth was not used, this procedure differed,from
procedure A in that a single thickness of cheesecloth was used to‘hold.
the sample inAthe‘ring.

At tensiqns.up‘to 1 atmosphere, the bulk samples retained more
water thaﬂ the core samples. VThe difference was less in sandy soils
than in fiﬁer textured soils. At higher tensions no consistent dif-
ference between.cqre and disturbed samples was observed., Because the
core samples represented the "undisturbed" or field condition of the
'.soil, the apthor suggested that cores should be used in determinations

of moisture tension in the range of 0 to 1 atmosphere.

Browning, G. M.,'1941,'Re1ation of field capacity to moisture equiva-

-lent in soils of West Virginia: Soil -Sci., v. 52, no. 6; p. 445-450.

Spme-important West Virginia soils wefe selected_to study thevrela-
tionship between the moisture equivalent and field capacity of soilsAin.
a huﬁid.region._ Moisture-equiyalent velues were determined by the
" method proposeq by Goldbeck and Jackson. For détermiping,field capacity,

cylinders of galvanized iron, 6 inches in diameter and 14 inches long,

- were driven into the ground to a depth of 2 or 3 inches. The cylindersazgr:aﬁﬁbﬁu,

were filled With water, and 48 hours after the moisture had disappeared
from the surface, samples for field-capacity determinations were taken

from layers 6 inches and 6 to 12 inches below the surface soil.
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The results of this gtﬁdy ihdiééféd Eh;ﬁ Ehe‘fatio ;%jﬁhéwfieid B
capacity to the moisture éﬁuibaieﬂtfiﬁcfééséd:as the ﬁgi;tu;;kéauiﬁé-
lent décreased. The average ratio of fiél&réapaéiéy to moisture
equivalent for the surface soil was unity at a moisture'eQinaienésgf.
23, for the ldyér 6 inches below the surface soil was unity at 21;5,'
and foivthgxggyer 6 to 12 inches Below the surface soil was unity at
20.5 percént; The rate of change of increase wésvsméil for soilétwfth .
moisture equivalents in the range of about 12 to 35 ﬁercéht.l For
moisture equivalents of less than'12,<thé;Changé wés more rapid; This
generdl relationship was ‘the sime for the different sampling depths.

The excess moisture drained from well drained éoils within a
relativelX.gho;t time. Changes of_mbisture cqntent.qfter 1 to 2 hours
oﬁ_@;ainage were small and an appro?imatg}x constant -value was reached
ié 24'to 48 hours. In the impermeable soils, the excess water applied

SREs¥the surface did not pags througﬁlthe.soii_fof"Z toté days. Equili-
bruim was not eétablished even after Q'Péribd of148 hours from the time
the excess water disappeared from the surface. ffhe'léfge pefbeﬂtéée of
the excess water disépbearedlfrdm the sﬁrféée} The 1érge'§ercentagé §f
the excéss water that drained frém'we11 dfaiﬁea soilélin.éufélativeii'
short period of time after a rain or after aﬁ appiiéaiiéﬁ of water
inditated that this water movement was through thetlafger{sized?pptéé;
The author stated that the moisture in soils below PF 1.6 (iogérithmA
of capillary potential) moqed,rapidly'ahd was iﬁfiuéﬁéed'ﬁfincipaily
by forces of gravity. The tension at the moisture equivalent.ﬁas
about pF 297; Moisture at tensions from pf 1.6 to 2.7 moved more

slowly and was affected definitely by both capillary and gra?itational
29 ' E



‘fbrcea. The author considered a ténsion of pF 1.6 to be a more légical
indicatiqn of the ambung of noncapillary'poroéity than.fiela capacity
because this tension has been shéwn to‘include the pores through which
water moves more raﬁidly as a result largely of the force of g;avity.
As a measure of the amount of water a soil will hold after a rain or
after an application of water, a field capacity value soméwhat ﬁigher-

lthan-pF~1.6«was suggested because appreciable movement of ‘gravitational

-wafer-in many solls occurred until this point was approached.

Browning, G. M., and Milan, F. M., 1941, A comparison of the Briggs-
~ McLane and Goldbeck-Jackson centrifuge methods for determining the

moisture equivaLeﬁt of soils: Soil Sci., v. 51, no. 4, p. 273-278.

. Comparison wﬁs made of the moisture equivalent values of a number
of -important soil types of the United States as determined by the
Goldbeck-Jackson method using a reguiar‘centrifuge equipped with
frunnion cupsfapd Gooch crucibleé as containérs for the soil, and as
determined by the Briggs-McLane methdd.

- The moisfure équivalents obtained by the Briggs-McLane procedure
. ranged from-3.9 to 40.9 peréent. ‘Thé range of differences between the
.tWOAmethodé was -0.9.to.+}.9'percent; the Goldbeck-Jackson procedure
averaging 0.76 percent less‘thaﬂ the determinations'made by the Briggs-
McLane procedure. This study indicated that there was a significant
difference in results obtained by the two mefhods unless all values
obtained by the'Goldbeck-Jackson'method were qorrecfed byfuse of tﬁe‘

regression ‘equation.
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Buckingham, Edgar, 1907 Studies on the ‘movement of soil moisture"

' U S Dept Agri. Bu11 38, p. 29- 61

‘A The author discussed in:detail the movement of water in- soil and
‘defined ‘capillary potential and capillary conductivity.
The attraction of soil for water depends on. the water content.
This capillary potential for a given state of packing and temperature
| decreases as moisture content increases. ‘When the soil is'completely.-
saturated with water, it takes only an infinitesimal amount of work
to remove a finite mass of water, or the capillary potential V=
1&ﬂe~caﬁljary potential forva given water content differs from soil '
' toisoil; the retentiveness of.different soils;‘cr‘even;ot the same
soil in different atates‘of'structure is cifferent,._lf different
soils are subjected to thepsamelforce, gravitational or:other, which
.- tends to pull water away from them; this fqrce‘drainS‘eomefsoile more
than:ethers. However, the final value of~the capillary pctential must
" be the same in all, becausefit just-balances_the same outside pull.
 Hence, in‘some soils. the retehtion_ie'lower than in others to raiee
the capillary potential to a given value.- To determine patterna of
. water distribution after imbibitional intervals from 53 days to 10%
,months, the author constructed six soilcolumné,each 48- inches long
- and 2% inchee in diameter. 1Evaperation“was controlled, water was
introduced at the hcttem; andathe‘apil.ahdfwater.was allcwed_to come
- to equilibriuﬁ; lhe results indicated that where the duraticn of thev

test was not more than 2 months, the final state of equilibrium had

not ‘been reached o



Capillary-conductivity was then considered. If the water content
of the soil was gradually reduced,‘the §ater retreated more and more
into the very fine pore spaces, which’reﬁainegufugl. Henéé, if the total
number of such capillary channels were not diminished the capi}lary-
conductivity woﬁld not change much. However, as the water contént waé
.reducéd,‘the number of continuous paths diminished and communicéﬁion'
was maintained oniy.through water films which stretched from one arbp
‘ to"anothgr over the immediate surfaces ofAtﬁe solid soil grains. Further
reduction Of{waterAcontent caused the films to become»thinner or.toilose
théfr-conducting pfopertiES. Thus, largé conductivity occurred at first,
‘decréasing as'the number of éontinuous paths thfough capillary water
.decreased:. When most of these paths had been broken and the film paths.
were becoming‘of importance, though still short, a rapid decrease in -
éoﬁductivify‘occurred. Asvthe film paths got longer, conductivity .
decreased rapidly. wﬁeh the soill approached complete drynéss, the
films began td break or to lose the properties of liquid water and the
'cbnAuctivify.fell rapidlf.toﬁards.zero.

| ‘The author then considered mathematically the capillary water
‘heid 1n“prismatic wedgés, the~electrical'conductivity of soils, and

the conductivity from wet soils to dryer ones when blaced in contact.

Buehrer, T. F. and Rosenblum, M. S., 1939, A‘neﬁ dilatometer for deter-
. mining bound water in soils and other colloidally dispersed

méterials: Jour. Phys. Chemistry, v. 43, p. 941-951.



The dilatometric method of determining bound water in soils, plant
materials, and other colloidally diSpersed systems has been employed by
‘a number of investigators. This paper described a new apparatus and |
technique for its use. o » -

The prinCipalifeatures of the dilatometer used are an‘elongated
freezing'tube,.a specially ground joint, and a three-way stopcock. A’
bcondenser~jacket-enclosed a capillary tube and scaleﬁinstalled above,
the dilatometer. |

Two calibrations of the apparatus were necessary: (l) determina- g
tion of the capillary scale reading in termsiof true volumes; (2)
ldeterminationiof the amount of expansion obtainable with_known amounts
* of water. A correction also was needed'to conpensate for the unavoid- |
‘able expansion of the toluene which is forced up into the capillary as
a result of the freezing of the water

The procedure followed was: The soil sample and water were weighed
.and allowed to stand in the sample tube to attain uniform moisture dis-
tribution' The sample tube was then placed in the freezing tube, and
- anhydrous toluene was added to cover the sample. The apparatus was
then lowered into the freezing bath and was allowed to come to a-
temperature of -3° (jacket.temperature maintained at'30°C). The air
was removed by evacuation.l The sample was then frozen first by an
ice-salt minture at flooc; and then by return to the -3% bath, The
toluene level in the capillary tube rose when freezing began and
‘continued to rise until it became constant for 10 to 15 minutes. This :
usually took from 30 minutes to 1 hour. From the reading of the tolu-
ene column before and after freezing, the expansion was calculated by
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using the calibration equation. The true volume expansion was then
calculated by appiying.the expansion correction. . Final&, the emount
of water frozen was calculated for any one dilatometer by the_simpli—
fied equation (if above temperatures maintained):

0°1593(Sf - Si) X 100 = percent of water frozen

»W
where
Sf = final scale reading
Si = 1nitia1 scale reading
W = welght of water taken initially

The author proved that when conditions were properly controlled
and the proper corrections applied, resulte obtained by any one observer
were reproducible within 1 to 2 percentf However, the interpretation
of any results obtained should be made;only'in the light of the condi-

tions of the determination.

Burrows, W. C. and Kirkham, Don, 1958, Measurement of field capacity
with a neutron meter: Soil Sci. Soc. America Proc., v. 22, no. 2,

p. 103-105.

An expetiﬁent to determine the moisture content versus time curve,
and hence the fielo ceoacity, was cerried.out at 6-inch increments to
a depth<of 5 feet in 4 soils., Plots of-soil were soaked with.water and
a soil-moisture meter employing the neutron-scattering principle was
used to determine the moisture content of the soll profile at different

times following water entry into the soil. The data were plotted as
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curves of soil-moisture content (based on volume) versus time in hours
- following wetting. The general shape.cf the curves nas noxmal for 2 -
silt loam soils and ‘1 sandy loam soil, but certain laYerslin these 3
s80ils deviated: from the normal” pattern. The deviations were explained
by extrinsic physical conditions at some distance from these soil
layers. 'Examples of such extrinsic conditions are: (a) a water table,
(b) an impermeable layer, (c) layers of different capillary'ccnditions;
* and (d) layers of different antecedent soil moisture. Extreme varia-.

tion of moisture content with time was indicated for a clay loam soil

© . for’ which the field capacity ‘could not. be determined The neutron

.meter used was found to be an excellent device for study of field

Qapacity. (Modified from author's abstract )

-Campbell, R. B., 1952, Freezing point of water in puddled and unpuddled
| soils at different soil moisture tension values: Soil Sci., v. 73,

p. 221-229,

The purpose of this study'was to indicate the,effect of textural
andistructural‘variations_on the freezing'point at several soil—moisture
tensidn levels. Several freeiing treatments wereiused‘and each soil
sampie was frozen, thawed, and refrbzen five times to'investigate the
decrease in the freezing point observed between successive freezings.

Three soil types representing the textural range for mineral solils
were selected _Each soil was air-dried, passed through a 2-millimeter

iroundhole sieve, and subdivided into samples. Half of the soil samples
were brought approximately to field‘capacity by the~addition offwater.
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To obtain a high degree of puddling, these soils were stirred thof-
oughly with a fod and saturated with water, and then transferred to
poro;s membranes. The remaining.subsamples'of unpuddled soil were
poured on porous membranes and were saturated by applying water to

the upper surfacé of the soil. Pressurés of 1/3, i, 5, and 15'ﬁtmos-
phereslwére applied to separate membranes. The samples were subjeqted
then to a ‘normal freezé;{;a ‘deep freeze, and an adiabatic freezéJx
In the adiabatic freeze, ' the ﬁemperature difference between the
gample aﬁd its surroundings was kept small to minimize heaf lbss from
the.sampie‘during freezing. |

Osmotic preéSufes were calculated from the electrical conducﬁi-
vity of the soil. The conversion of freezing-point depression‘to
soil-moisture tension was made by subtracting the values of osmotic
pressure.
| Puddled soils were found to have smaller ﬁalues of freezing-point
depression than unpuddled soils at thé same soil-moistﬁre tension.
Fo;.the same soil-moisture.tension, the pércent water retﬁined in the
freezing-point procedure was in general greater than in the éorous—
membrane . procedure. Average observed values pf freezing-point depres-
slon for a so;l frozen adiabatically were not significantly different
from values obtained in soil frozen in the.normal.manner.

Larger decreases in the freezing-point depression were observed
bgtween'the first and second successive freezings than between.any
pair of suécessive fréezing values. Between the first and second
freéiings, soils that were given the deep-freéze treatment showed
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iarger'décreases in the freezing-point depression than did soils
 frozen in the normal procedure. Half of ;he successive freezing
hcnrves»éhowed a.gradual decrease in thé freezing-point‘depression
after tﬁe initial freeze, whereas the reét showed no change or a

slighf increaseAin freezing-point depression as a result of additional
freezings. The decrease in the freezing-point depressionslafter the
-initial freezing were greater at high soil-moisture tensioq‘levelé than
at low tension lévels. The decrease in the fréezing-point_depressioni'
was attributed to a decrease in thé mechanical resistance of the soil
to tée gryqtal formation. |

ASmaller vaiués of freezing-point depression weré observed iﬁ clay-

loam soil than in loam or fine sandy loam soils at the same moisﬁufe

tensidn.

Cannell, G. H., 1955, Freezing-point'depressions-in sands, soils, and

. synthetic soil materials: Washington State Coll. Ph.D. dissert.’

: The freezihg-point method, employing a sﬁall thermister as the
sensing element, waslused to study certain factors believed to affecf.
the‘fréezing-point depression of SOil-moLsturé. The factors investi-'
, gated were particle size, structure, énd undercooling temperature. -
The materials used were hbmogeneous and consigted of quartz éand,
synthetic soil, an&’IBMA (the colpolymef of isobulylene and the half
ammonium salt-half amide of malic acid) treated Palouse silt Joam.

Freézing-point depression measurements for Pélouée siitiloam :
aggregates indicated that the freezing-point depression iﬁcreased
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with decreasing aggregate size. Alternate freezing and thawing on the
aggregates of various size indicated phat‘the freezing-point depression
decreaSed in the second and third freezings for all sizes of aggregate.

'The synthetic soil used was made from quartz sand and illite clay.
Some of the syhthetic soil was formed into aggregates of 1 to 2 millimeters .
‘and treated with various rates of IBMA. Samples containing tﬁe highest
rate of IBMA were stable in water, whereas aggregates with smaller rétes
disintegrated into primafy particles when placed in water. The freezing-
point depression  of the IBMA-treated aggregates decreased with decreasing
‘rates.‘ Freezing;point depressions for different sand groups decreased as
the particle»sizg increased, but the’freezing-point depression did not
change under alterﬁate freezing and thawing.

To determine the effect of-undercooling temperature upon the freezing-
point depressién, the bath temperatures were changed from approximétely
0.30 to -2.60°C. Different undercooling temperatures (the absolufe
difference between the supercooling temperature, normally the bath tem-
perature, and the freezing-point depression) had little effect upon the
freezing-point depression values for sands on Palouse silt loam aggregates.
However, the freezing-point depression for unaggregated synthetic soils
was increased as undercooliﬁg temperatures increased.

For freezing-point data to have practical meaning, the author
suggested that correction of measurements to some standard was required.
Pressure-membrane data were used as a standard for comparing freezing-
point data for synthetic unaggregated soil. A correction was made to
.réconcile freezing-point depression measurements on synthetic soil with
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pressure-membrane measurements. The author concluded that use of the
.Schofield equation alone was not adequate to convert freezimgwpoiﬁghde=
pression values for salt-free systems to moisture tension as obtained
by the pressure-membrane or porous-plate technique (see index). - For
synthetic soil, two types of corrections were involved. The first was:
for ice formed in the measuring process and.depended upon the under-
cooling temperature. -The second was of unknown.cause, but seemed to be
needed with soil materials with the synthetic soi;; . This correction
was a 1inéar function of the.freezing=poiﬁt déﬁression. (Modified from

author’s abstract.)

Cardwell, W. T., and Parsons, R. L., 1949, Gravity drainage ,r.heory-
Am. Inst. Mining; Metall. Petroleum Engineers Trans. .y V. 179,

P 199 215.

This paper presented a theory f;f estimating‘méthematically'theA
rate of gravity drainage of a liquid from é sand columm. The typical
eqﬁilibrium.drainage curve was discussed;, by relating the curve to..the
lower end of the column (100 percent moisture content), to the middle

part of the column (tramsitional region of gradually decreasing moisture

content), and the upper part of column‘(practlcally constant moisture

content). The author comsidered any other saturation distribution in
.the column and derived equations employing.empirical relationships for

permeability, saturation, and height of the top of the saturated region--

when -equilibrium is reached. By these equations, the demarcator height
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(the height of the boundary between the upper unsaturated region and
lower completely saturated region) for different drainage times was
calculated. A plot of saturation in a column at different times as
related to height of saturation (neglecting capillary-pressure gra-
dients arising from gradients in the saturation) was also shown. The
percentage of original liquid recovered by drainage from the column
was then calculated and was found to compare closely with previously

published experimental data on drainage.

' Carlton, P. F., Belcher, D. J., Cuykendall, T. R., and Sack, H. S.,
1953, Modifications and tests of radioactive probes for measur-
ing soil moisture and density: Civil Aeromautics Adm. Tech.

Devel. Rept., no. 194, p. 1-12.

The purpose of this report was to describe the probe-type nuclear
meter for measuring soil moisture and density.

The soil-moisture probe consisted of a thin cylindrical brass
casing 1 inch in diameter and slightly more than 6 inches long.
Inside the casing was a radium D-beryllium neutron source and a slow-
neutron detector, a thin-walled Geiger-Mueller counter tube surrounded
by silver foil 5 to 10 millimeters thick. The counter tube was
partially shielded against direct gamma radiation from the source
by means of a l-inch lead plug. To check radioactive decay of the

source, a 10-gallon container of water was used as a reference
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standard. The time interval selected for counting was 3 minutes. A
moisture-calibration curve (the ratio of count in soil to the count
in the standard plotted against moisture content) was made.

The density probe employed in this study was similar to the
moisture probe, having the same diameter and beiné,only slightly
longer. The increased length was necessary in order to obtain the
required distance between. the source and the gamma detector. The
entire probe was encased in a thin aluminum shell, and a radioactive
source consisting of cobalt-60 was used. A 10-gallon container of
concrete was‘used as a density staﬁdardo As in the moisture-content
measurements, counting»periods,of.3 minutes wefe used in .both the
density étandard and in the soil. The reading'in soil divided by the
readings in the standard gave ratios which were pl&tted aé a cali-
bration cé;rve° Ihi$ was used to obtain the density of the soil.
Sometimes minute gaps between the wall of the access tube and the
test hole were found to cause erratic test results.

A summary of test results indicated:

(1) The average precision of the moisture and density meters

was i 0.8 pound of water and + 3.0 pounds per cubic foot of
. soil respectively.
(2) The difficulties experienced in driving the access tubes in
dense soiis_could be overcome partially by placing the 1-
inch (wall thickness 1/32-inch) stainless steel access tubes

in a bore hole filled with a soil slurry.

LT
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(3) Additional development should include imprévement of accuracy
of density probe, design of meter applicable to measurement

of thin layers, and improvement of the counter tube.

Carman, P. C., 1953, Properties of capillary-held liquids: Jour. Phys.

Chemistry, v. 57, p. 56-64.

Capillary condensation arises from the action of surface tension
at a curved mgniscus. -If it occurs in microporous adsorbents, no
sharp distinction between capillary condensate and capillary-held
liquid in a microporous system exists (moisture in a damp bed of
sand). The tendéncy is to treat these separately, partly because
' their study required different techniques, but they should be treated
as a whole., Macroporous systems afford a clearer view of the mecha-
nism by which capillary liquid is held in a pore-space; microporous
systems indicate more clearly how properties alter from those of
bulk liquid as a result of increasing curvature of the meniscus
(decreasing pore radius). This paper reviewed the brief data on
the physical properties of capillary condensates. The author's
comments follow in brief:

" "Capillary condensation fakes place because, at a curved meniscus,
-surface tension reduces the equilibrium vapor pressure p below that
of the vapor pfgssure of the bulk 1iquid P, in accord with the Kelvin

equationg
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1n = paRT
where
o = surface tensionj ,
= densicy,
M = molecular weight,
T = absolute temperature,
R = gas constant,

and a-is,thé.harmqnic mean of the two prinéipal_radii of curvature,

T e
and‘a“,i.gﬁi‘

2 2

positive if the surface is convex to

with the signs of ay and a,
the liquid and negative if concave to the liquid. 1In a circular

capillary, a = a, = a, = rcos 6 (where 6 is the contact angle),

1
theréby relating,ﬁhe relative pressure pﬁ&g, to capillary radius. .
Experimental results seem to indicate thaf f;lm formation and
capillary condensation take place simultaneously in micropore
systems, and to some extent, influence one another. The quantity
of adsorbate per unit weight of adsorbent is measured. By assuming
for convenience that the adsorbate has the same density as bulk .
1iquid and by expressing it as a volume, v, per unit weight of

adsorbent, the amount of filled total pore volume can easily be"

assessed. The author has indicated this in figure form.
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Soil physicists have done considérable work on capillary-held
water in mécroéoresﬂ This work is based upon. the fundamental fact
that,'oéing to the action of surfacevtension, a curved surface
causes a change in the state vatension or of compression of the
liquid below that surface. Thus, in a capillary wetted by the
liquid; a éurved meniscus which is concave on the vapor side is
formed. 'This produces a state of tension in the capillary-held’
liﬁuid,.epmpgred'to bulklliquid, - Because a tensile stress has
the dimeﬁs£ons oﬁ a pressure, this is commonly called a pressure
deficiency qusuct;onvpressure,‘P, and its relationship to the
curvature éf the surface is givén by the thermodynamic relationship
‘P = —%g;;where é is the harmqnic mean radius. of the curvature of
the surface. 1If aAliguid is placed under tension or compression

its vapor pressure is changed according to

po - _MP

RT "
P 0

From ﬁhe Kelﬁin equa;ion ab§ve,.it is evident that for capillary~
held liquids,'lowering of vapor pressure may be regarded as a
secondary property resulting from the state of tensiom induced by
a curved meniscus.

It is more natural then to plot the propoftion of capiilary-held
liquid in a porous solid against P’fathér than against'ﬁ/po; With

macropore systems, this has the further advantage than P and not p/po
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is a quéntity that can be measured experimentally. The most conven-

- ient way to express concentration of liquid is. degree of saturation, .

] (filled?limg}volume per unit of total proe volume) assuming.

capillary-held liquid has the density of normal liquid.

Becausefpﬁge~space is completely interconnected, in a bundle of
v,

*;Afilled interconnected capillaries, the capillary-held fluid
»wili redistribute itself by distillation through the empty part of
porevspace aﬁd by flow through the filled part. Whether liquid is .
femoved by drainage or evaporﬁ%ﬁon, the remaining part readjusts
itself by either or both mechanisms until a new, un;form curvatufe
of meniécus is attained (at all points accompanied by a corresponding
uniformity of P ané p/po). The author then discussed and illustrated
by sketch the evolution of the growth of annular rings retained at
poiﬁts of contact.

The influence of capiilary radius on density,‘surface,tenéion,
freezing point, and heat of condensafion of capillary condensates
was considered. Recent work on the flow of capillary condensates

was summarized and hysteresis (difference on data obtained by

drainage and imbibition) was discussed in detail.

Chatenever, Alfred, 1952, Visual examinations of fluid behavior in
porous media - Pt. 1l: Jour. Petroleum Technology, v. 4, no. 6,

p. 149-156.
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_This exploratory study:was.qpée to determine the possibility of

a visual approach into microscopic mechanisms of fluid behavior in
porqus.media.v Appropriate apparatus and techniques,were.developed
so phagbmicroscopic phenomena could be recorded on color movie film
qu algq be Qbsgrved visuallyu, The observation flow cells in which
;he fluid behavior studies were madeAwere éssentially4single-layered
ﬁat;iceg of sphgres between iu;ite or glass plates. The fluids
used were water and a filtered crude oil.

~ Two fléw:régimes’were observed dgring the flow of the immisci-
ble liquids, channel flow andvsiug'flqw._ In channel flow, flow was
through stable networks,of iqterconnectingAchannels; in slug flow,
part of the flow tﬁok place in the form of slugs. Under certain
conditions, flood-front patterns Wére found to be different depend-
ing upon whichxliQUids'were’thé displacing and diéplaced pﬁases and
anﬁ@epending upon.whether‘the métréx was water-wet glass or oil-wet

lucite. (Modified from author's abstract.)

Childs, E. C., 1945, The water table, equipoténtials; and streamlines

in drained land: Soil Sci., v. 59, no. 4, p. 313-327.

_ As a part of this report the author discussed and.defined.the
capillary fringe.
Use is made of the soil-moisture characteristic, graph of mois-

ture content plotted against hydrostatic pressure, to obtain pore-size
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distribution. A ‘finite range of ‘préssures less than 0 for which the

......

soil is practically saturated exists, but with lower ﬁréséﬁréé}fﬁ?
poresAére-apprecibly'emptied; The 1ower 1imiEiﬁg pfessufé; b;;ﬁfd}i
saturation, is mﬁre or less shafpiy defined, depending on the soil.

In a vertical soil column in which the hydrbstatic‘pressure déEreasés
as height increases, starting with some positive value at tﬁé botﬁdﬁ,
the height at which the pressure is 0 will be the water table. The
soil will be essentially saturated tovsomeﬂgreater'height; at which
the upper lihiting pressure is P.s and thereafter the moisture content
will decrease rapidly.” The zone between the water table and!the‘

upper limit of saturation is known as the éapiliary ffinge.

Childs, E. C,:gnd George, N. C., 1948, Soil geometry and soil-water

equilibria: Faraday Soc. Discussions, no. 3, p. 78-85.

B
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The éuthdrs discussedg’ #é;?ize.distributiqn andits determina-
tion in .detail. The following .condensed comments by'fhéiaﬁthor‘éf; ;
pertipent‘tolspecific yield.

.-'mThe £otallforce-a.cfing_on a volume element of water ig ;hefvoid
sbace in soil may be made up of four components: gravitational attrac-
tion, hydrostatic-pfessufé‘différence, oSmbtic?pfessdreJdifféreﬁce,
and adhesion of water to the.solid surfaces. The potential étbéhy'
point will then be the scalar SUﬁ of these fourléoﬁpoﬁéﬁts;a The
‘water is in hydrostatic equilibrium when thé total force is every-

where zero (where the total potential is everywhere the same,
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vnotwifhsténdiﬁg thét single components may vary widely froﬁ ﬁoint'
to point).
Gravity is the work done in lifting a unit volume of water
(density B).tc height (h) abo&e aﬁ arbitrary datum level; the
' potential then is given by gph.
Hydfostatié'pressure is>thé unequal pressuré across an air-
water interface. If S is the surface tension and the air-water
interface in which it acts has radii of cﬁrvature Ty and r, the

pressure on the water side is less than that in air by the amount

‘ 1 1
A =8 (=— +—)
P 1 )

(where r, and r, are regarded as positive for curvatures which are
concave to the air). It is convenient to take the atmospheric
pressure as datum: then the pressure P just inside an interface

between soil water and air which is continuous with the outside

air is given by

1 1
P=sS (% g )

1 2
“which is calle& pressure deficiency or suction pressure.
Thélésﬁoﬁié.pressufe p at any point corresponds to a hydraulic
potential contribution -p, since it must be considered as a |
hydrﬁétatic~p}essuré deficieﬁdy.
Little is kn6Wn of the adhesion‘potential which is due to

attraction between solid and water dipolar molecules. Because
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the force is an attractlon, the potential contribution will be
negatlve and will be called - x. |

The total potential ¢ is then,the sum

| o K gph + (P " P - n)

The total potential may be measured by allow1ng the soil system
to come to equilibrium wlth_a syetem.of known potential components.
Such a‘sfstem may commonly be.a manoneter, the only directly
measurable potential components being grav1tat10nal potent1a1 and
hydrostatlc otessure° Equ111br1um may be attained e1ther by adJust-
ing.the manometer‘column.or by altering .the soil air-pressure, as
in the pressure%pléte method. The total potential being known, the
sum: (P-p-x) is clearly'known‘and:is called'w° The above equation
may be'reﬁrittenf

= gph + Y
where | is referred to as capillary potential'of-preséufe'deficienCy.
The capillary potential components, and,therefore ¥, will determine
the moisture content of a.ginen‘soil. The void space may be consi-
deted as a‘series of cells connected to others. For a given-pressure
_defic1ency a cell will be empty of water if its largest interconnecting
channel is large enough to accomodate en air-water interface of
sufficiently sharp curvature to maintain“the preSSure deficiency
As the suction is 1ncreased, cells will empty 1n$;Lcceseion, g1v1ng
a suction-moisture content curve characteristlc of the soii,‘such
curves areccelled moisture charactetietics. With nonshrinking, light,

sandy soils, at all but the lowest moisture contents, the moisture




characteristic may ‘indicate the pore-size distribution in the soii.
The soil property which is most obviously governed by pore-size

distribution is the permeability to fluids. However,‘the experimental
determination of permeability at different moisture contents is beset
with.difficulties. The hydraulic potential g;adient also affects the
moisture content. Determinations of both poténtial gradiept and
moisture content are not straightforward. However, if,a.sufficiéntly.
long column is. used the moisture .content and pressure deficiency are
sensibly constant over a considerable length. The potential gradient
in a vertical column is therefore the gravitational gradient only
and ‘is known without measurement, 

- "The computation of permeability of a soil at any desired mois-
ture content, -at a desired effective porosity, was made possible by
the author's théOretical approach. 1In this total permeability is
given by ‘ |
R R. i 2
K x g 5 f(o) dr (p) dr * o
0 =04 =0

where two similar soil columns of unit cross section are brought
together to constitute a continuous column. The total area devoted
to the sequencé of a'pore‘size o folloﬁed by one of size 6 will be
proportionai to f(o)dr-f(p)dr° The final factor ih the above.equa-
tion chaﬁgéé to pz when 5 < og. The summation is cafried out |
numérically fromﬂfhe moisture éﬁafacteristic. By stopping at a
chosen value R one can compute the permeability at any desired

moisture content.
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The aqthors then showed by graph form the cgmparison-between
computed and observed permeability as they increase with inereasing
 m9i$turg content. Some evidence suggested that at a given moisture
content‘the permeability is greater when the content is decreasing
than when it is increasing.

The definition of another moisture constant was clarified by
:th;s discussion. The observed facts indicate that water moves
,QOWﬁ.the soil profile relatively rapidly during irrigation and for
a few days thereafter, the added water redistributing itself to
wet a certain thickness of materials to a certaiﬁ moisture content.
Thereafter, the water moves relatively slowly. No suggestion of
the attainment of equilibr;um is reached but only a rapid decrease
in.movement is'noted,after the initial free-moving stage. The
moisture content at the assessed "end" of this initial stage is
the field capacity. Redistributions of this kind are reminiscent .
ofvdjffusion. The authors showed éfter experimentation with dry
sands that diffusion was §low up to moisture contents of about 25
percent. This justifies the neglect of the gravity term exgépt where

the diffusion .coefficient is high.

-Cole, J. S., and Mathews, 0. R., 1954, Soil-moisture studies of some
Great Plains soils, Pt. 1., Field capacity and "minimum point"
as related to the moisture equivalenti Soil Sci. Soc. America

Proc., v, 18, no. 3, p. 247-252.
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LField determinations of soil moisture were made to depths of 6
feet or less éver a 30-year period at 31 stations in .the Great Plains
area. The field capacity was higher than the moisture equivalent in.
the sandy soils and lower than the moisture equivalent in the finer-
textured sqilsv In the uppermost foot of the medium-textured soils,
the moisture equivalent and field capacity generally ﬁere about equal.
A slight but persistent reduction in the difference between field
capacity and moisture equivalent occurred with depth. This was attri-

buted to the depth and the manner of wetting.

Coley, F. H., Marsden, S. S., and Calhoun, J. C., 1955, A study of
the effect of wettability on the behavior of fluids in synthetic

porous media: Pennsylvania State Univ. Mining Industry Expt. Sta.

Bull.,68, .p: 35-46: ...,

A group of porous pyrex glass cylinders made of fritted glass of
relapiyelyAuniform;pore characteristics and approximately 3.7 centi-
meters in length and. 2.1 centimeters in diameter were divided into
sub-groups which were treated with chemical solutions in order to
produce a.scale of oil wettability. .To characterize the performance'
of these_qorgs, the following experimental data was obtained: (1)
porosity, (2) cgpi}lary-pressure measurement of drainage, reverse
drainage, and imbibition processes, (3) relative-permeability
determingtions, and (4) water flooding.

_.The résults of the experimental work indicated that wettability

was both one of the primary factors to consider in achieving
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consistent correlations between expérimental'prodedures, and also
one which had to be certainly known before proper utilization of
the data was made.

- Different variations were proposed as possible scales of

wettability. Among these were: (1) the ratio{oflénéiﬁage
tion-displacement pressures; (2) the ratio of residual saturation
to wetting andlnon-wettingvfluids,'and (3) the spread between the

‘saturation‘ end-points on dynamic relatiVe-pérmeability tests.
- (Modified from author's conclusions.)
e : &
4 B
Collis, G. N., 1952, A note on the pressureiplate%membrane apparatus:
#

Soil Sci.,.v. 74, p. 315-322.

Attention was.drawnl;o.the requirements for obtaining the true
equiliﬁriﬁm-m@isture content of a soil under expérimental‘cgnditions
and for distingushing .this equilibrium-moiéture content from the
* equilibrium-moisture content as determined when water flow from a
pressure plate-membrane has apparently ceased for ahy'appiied.pfes-
sure.:

ReSults,fromlthis-study indicated that the'mbisturé content of
a soil in a pressure-plate apparatus.décreased’indefiﬁiteiy Wﬁen”é
dry gas was used and gaseoﬁs diffusion through:the‘apparétus was’
continuous. ‘The author pointed out that for any soil'sémplé theféi‘
was only one water-vapor pressure of the applied.gas which could
be in thermodynamic equilibrium with the Sampie; This vapor pres-
sure depended on the osmotic pressure of the soil ‘solution and the

pressure of the gas applied.
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Generally the moisture content of a soil sample is determined
when, at a given pressure, the outflow of liquid water through the
membrane has become negligible. The author suggested that this
condition be called a "time equilibrium", which will change with.
the length of time of the pressure application. He further sug-
gested that the condition under which the the humidity of the gas
leaving the apparatus is the same as that entering be called
"hydraulic equilibrium'". Except for multisoil apparatus, this
equilibrium will be thermodynamically correct and the relative
humidity involved will be in equilibrium with both applied pressure
and osmotic pressure. True hydrostatic equilibrium can'be reached
only by use of an ideal membrane that is permeable to water but

completely. impermeable to gases.

Colmaﬁ; E. A., 1946,'Aalaboratory study of lysimeter drainage under

controlled soil-moisture tensions Soil Sci., v. 62, p. 365.

The purpose of this paper was to present the results of a
laboratory study in which long soil columns were drained under
several moisture tensions and in which the drained soil-moisture
condition was related to the saturétion and field-capacity values
of the soil..

The soil used in the column-drainage study was a clay loam
derived from metamorphosed diorite. Its moisture equivalent and
field capacity were 19 percent. The soil was packed air-dry in

a brass tube that was 7 feet long and had an inside diameter of 6
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inches. . The tube was filled by slowly adding the soil while a
long, sharpenéd, steel rod was struck repeatedly into the soil-in
the pubeno The agitation and tamping served to settle the soil-
and ;o,minimize textural and structural layering.. "I‘hree-fourt:h-=
inch holes were drilled through the tube at 6-inch vertical inter-
vals to provide access to the soil for the placement of tensiometers
and to obtain moisture samples. |

The soil column was filled,twice. After the first filling, the
soil was irrigated and drained under moisture tensions of 0 and 50
ceptimeters pf water. After being emptied,_refilled and again -
irrigated, it was drained under tensions of 55 and lggagentimeterS’
of water. Zero tension, corresponding to the usual gravity drainage
of enclosed lysimeters, was effected by resting the soil on a  per-
forated plate and collecting the drainage water that dripped from
it. "Drainage tensioﬁs,of.SO,_gs, and_léo‘céntimeters:of water wére
maintaihed onithe'1owef sufface of aApo¥ous fire&-clayﬂplate'held in
contact with the base of the column. A '"hanging water column' for
the 50- and 55-centimeter tensions and afuaéuum pump for the 160-
centimete;.tension were used. Moisture- and pressure-potential
distxibu;ions‘were determined throughout thg soil columns before, - -
during, and after drainage; Measurements were made of rates and

duration of drainage as well as of water outflow.under each drainage

tension.
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The selection of drainage tensions of 0,50, 55 and 160 centi-
meters of water was based on observed lysimeter soil characteristics.
Zero tension corresponded to the minimum-pressure potential observed
during seepage at the bottom of large confined lysimeters in which a
3-year record of soil-moisture conditions were available.

The 50- and 55-centimeter drainage tensions selected were consi-
dered to be in the range of tensions observed in the field at the 6-
foot depth in an unconfined lysimeter when the soil at that depth was
approximately at its field capacity. The 160-centimeter drainage
tension was selected in the laboratory because it was this tension
that was required to drain a 100-gram block of soil to a constant
moisture of 19 percent on a porous fired-clay plate. The difference
of 1io centimeters of tension between the field and laboratory deter-
minations may possibly be attributed to a structure in the unconfined,
lysimeter soil which was not present in .the laboratory-packed samples.

The rate of seepage was increased by the application of tension
at the base of the column., The authors thought that the permeability
of the clay plates probably exerted a étrong influence upon the rate
and duration of drainage. They suggested that this problem might be
solved by using plates that had a large absorbing surface or a high
porosity.

The proper drainage tension for the soil studied seemed to-be

about 125 centimeters of water; which is equivalent to 19 percent
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moisture content, the field capacity of the soil. The préssufe
potential at the field capacity or moisture equivalent depended
“upon the moisture content of these values. The pressure potential
decreased as the field capacity or moisture equivalent increased.
A sandy soil would therefore require a lower‘drainagé tension than

a finer-textured soil.

Colman, E. A., 1947, A laboratory procedure for determining the

field capacity of soils: Soil Sci., v. 63, P 277-283.

This paper describedAa laboratory procedure for the determination
of field capacity of drainage of a porous.ceramic.cell under a constant
moisture tension, and related the field'capacitysvaiues,éf a nﬁmber of
soils to the equilibrium-moisture contéﬁts,obtained by4thisﬁ,‘m-éthod°
. Field-capacity values were.determinea,by two methods. In the first

'method, repeated soilwhoisture'samples-Were obtained on small field
plots .during 5 rainy seasons and in the second method, field plbté.were )
irrigated and the moisture determinations were obtained after drainage
of the.irrigatién water had ceased:

- The method for detefmining.the 1/3-atmosphere moisture percentage
was as follows. Sieved soils were poured into l-inch lengths .of
seamless brass tubing;l inch in diameter, resting .on a,ceramic,tensiqn

cell, and then tap the soil samples lightly. The soils were saturated

from below and then were drained at 1/3-atmosphere .tension. Three,hburs
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drainage was found to be adequate to reach moisture equilibrium for
all of the soils studied. If considerable coarse material was
sieved from the soil sample, the laboratory determinations of field
capacity was corrected for the weight of the coarse material. Ap-
proximately 120 samples were analyzed in the laboratory in this
manner.,

A number of soils were saturated and then were dfained under
moisture tensions ranging from .2 to 50 centimeters of mercury. The
moisture tension corresponding to field cabécity was not constant
but was increased as the field capacity increased. Whether this
.relationship would also be found in soils in place, or whether it
is .a result of the granulating treatment -the soils received in
sampling and in the laboratory was not detérmined. However, the
results ‘indicated that no single moisture tension applied will bring
all soils to their field capacity under laboratory conditions,

. A consistent relationship was found between the field capacity
and the moisture retained against 25 centimeters of mercury tension.
A curve based .on the experimental data showed field capacity and
moisture content to be at 1/3-atmosphere tension equél at about 25
percent. At lower values the field capacity was greater than .the
moisture content at 1/3-atmosphere tension, and at higher values it
was less. This relationship was determined using young or immaturely
developed, free-draining soils in which the water table was so far

below the layer under consideration that it exerted no influence upon
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the rate .of completeness of drainage of that layer. The curve would.
not be expected to hold for soils in which the water table was only
a few .feet below -the surface; or those in which drainage was impeded

by -a layer of .low permeability.

Corey, A. T.,.1957, Measurement of water and air permeability in
unsaturated soil: Soil Sci. Soc. America Proc.,.v. 21, no. 1,

p. 7-10.

This péper explained a controiiéd;pfessute,,steadyestgte‘methoq
developed for makiné,measurements,onjéil-proéucing,rocks,:whichﬁmay
also bg,used:for.determiningiwatet and air permeabilities in unsatu-
rated soils. . Tﬁezmetﬁod gmpl9y€d»the simultaneous,fiqw,qfuaig and
‘water under the same pressure_gradientﬂto,maintaiﬁ a.uniform tenéion |
.and a uniform saturation within the sample during permeability -
measuremehts? The ;aturation was‘:edﬁcédviu.iﬁéreménts_bQAreduéing
the water pressure withhreﬁpect.tp,the air pressure. The techniques
:described‘probably are not adequate;for.the amall pgrmeab@lities--;
that exist at satu:atigns smaller thanufield capacity. Neither are
~ they likely .to .be successful on very fine soils that have high-air-
entry values or high,bubble pressures. The chief limitation here
is_the comparatively small air-entry values of the capillary barriers
.or semi-pefmeéblepmembranes, Barriers that have higher air-entry
pressures.afe available but their use makes the process much more

difficult.
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. Results of permeability measurements under unsaturated condi-
tions on two relatively undistrubed samples of a sandy soil were
presented. The interrelationship between permeabilities to gas
and liquid as a function of saturation was .discussed, and a method
of calculating the water permeabilities under unsaturated condi-
tions from the more easily measured air permeabilities was suggested.
The magnitude of gas slippage (or slip flow where no wetting occurs)
iﬁ a dry soil sample was.determined‘by measuring the air permeabi-
iity at several mean pressures and extrapolating the air permeability-
mean pressure function to an infinite pressure. The permeability to
water of the unsaturated soil was only about half the permeability
to air of the,dry soil even when the air permeability was corrected

for slippage. (Modified from author's abstract)

Crank, J. and Hénry, M. E., 1949, Effect of a variable diffusion
éoefficient on the concentration -~ distance rélationship in the

nonsteady state: Faraday Soc. Trams., v. 45, p. 1119-1130.

The authors calculated concentration-distance curves for diffu-
sion coefficients .which depend qn-concentration in three different
ways, and which may have a range of as much as 200-fold. The results
were presented graphicaliy in a form convenient for interpolation.

A method was suggested by which an approximate concentration-
distance curve could be obtained, with relatively little labor, for

any diffusion coefficient which depends on concentration.
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The importance of the results in relation to the proposed method
of measuring variable diffusion coefficients was discussed. Some
ingsight into the nature of the sharp advancing boundary observed in
many systems was provided, and the significance of the mean diffusion
coefficient, deduced from the rate of ddvance of such a boundary was

considered.

Crank, J., and Henry, M. E., 1949, The effect of a variable diffusion
coefficient on the rates of absorption and desorption: Faraday

Soc. Trans., v. 45, p. 636-650.

In order to determine how the form of the diffusion coefficient
for liquid inﬁluences the relative behaviour of the absorption and
desorption-time curves, numerical solutions of the diffusion equation
in.one dimeneion were obtained.for a number of diffusion coefficients
varying Ain different ways with the concentration of the dlffusing
substance The results indicated that, when the diffusion coeffi-
cient increased umiformly with increasing concentration, absorption
was quicker than desorption throughout, but that, when the diffusion
coefficient decreased with increasing concentration, the-reverse was
true. The conditions for which the diffusion coefficient first
increases, passes through a maximum value, and finally decreases as
the concentration increases, and when the absorption and desorption-

time curves may cross each other were examined.
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Da Costa Botelho, J. V., and Alves, J. A., 1942, The determination
of the moisture equivalent by the silt-suction method and the
shifting pF curve of stored soil samples: Jour. Agr. Sci.,

v. 32, p. 294-297,

" The reliability of the silt-suction method for estimating the
moisture equivalent of soils was discussed. In this procedure a
fine layer of silt, 1 millimeter thick, was poured on the filter
paper and a soil sample about 6 millimeters thick was placed on
the silt. The sample was soaked with water for 24 houfs and a
suction equivalent to a pF (logarithm of capillary potential) of
2.9 was applied for 2 hours. The moisture contents at pF 2.9 were
found to be considerably lower than the méisture contents obtained

by the moisture-equivalent method.

Davis, R. O. E., and Adams, J. R., 1927, Methods for physical
examination of soils: Internat. Cong. Soil Sci. Proc., v. 1,

p. 434-442,

A discussion of the methods used by the U.S. Bureau of Soils
in determining certain physical characteristics of soils was given.
A number of moisture—equivalent determinations were made to deter-
mine 1f the moisture equivalent of soils in the undistrubed condi-
tién was different from that of samples passed through a 2 millimeter

sieve. 1In most instances the soils in the field condition had
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slightly lower moisture-equivalent values than the disturbed samples.
The differences were so slight, however, that changes in the -ordinary
method of determining .the moisture equivalent on the crushed sample

of soil were not considered necessary.,

Day, P. R., and Luthin, J. N., 1956, Alnumerical‘solution of the
differential equation of flow for a vertical drainage problem:

Soil Sci. Soc. America Proc., v. 20, no. &4, p. 443-447,

The experiments .described in this article were undertéken for

©

the purpose of testing the application of Richards equatibn,
de h

dt = A ° KAd to a drainage problem. In this equation ¢ = volumé
of water per ﬁﬁit volume of sdil, t = time, K = capillary conduc-
ti?ity, and ¢ = hydraulic head. The problem was toipredict from
theory the water content and pressure head at different depths énd
times during;dfainage,’to calculate the rate of discharge at
selected .times, and to test these predictions by experimentation.
In order to do this, the water content of a.soil as a funcﬁion of
goil-moisture tension . under equilibrium conditions and the capillary
conductivity of a soil as a function of soil-moisturé-ﬁenéion.under
steédy conditions of flow,neéded to be known befofé‘the theofétical
predicﬁions_could be made.

A column éf Oso Flaco fine sand, 87.1 centimetersAhigh, con-

tained in a 3-inch-diameter brass tube was used in the experimental

work. Tensiometers were located at heights of 5.0, 19.9, 35.5, 50.5,
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66.2, and 82.5 centimetérs.from the bottom of the soil column.
Capillary conductivity values at different tensions were determined
by supplying water dropwise to the soil surface at various sustained
rates, starting with the mgximum rate and diminishing in successive
steps. Flow was continued at each rate until constant readings were
obtained on the tensiometers. Capillarymconductiyity values were
calcﬁléted,by diviaing the rate of entry in cubic centimeters per
square éentimeter per minute by the hydraulic gradient in different
parts of the column. Each value obtained in this manner was recorded
as -a function of the moisture .tension at the corresponding level in
the column. A desorption curve for the soil column was determined
by sampling for water content at several depths. In the drainage
experiment, measurements. of pressure head and outflow volume were
made at selected times,

Because the problem was a special case of unidirectional flow
parallel to the Z-axis, the vertical axis, the Richard's equation
was rewritten in the folldwing_éimpler form:

de d ‘ do
dt =~ dz Rt

‘where z is the vertical elevation of the tensiometer tip above the
outflow plane.

Special conditions of the problem consist of streamlines that
were vgrtical’at all times during drainage and an outflow plane

that constituted a fixed piezometric surface at atmospheric pressure.
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The méthod‘of'solﬁfioﬁ'haé'én apﬁfoiimaté.humerical ﬁethod;'émpléying
the determination of pfeséﬁfevéé‘a function of aépth?fof é:Séqﬁéﬁce
‘of time intervals. The disfribution of PféésufevﬁitH dépth”éfiéﬁ§
time could be detéfminéd abproximateiy'ffoﬁ the above‘éqﬁatiOn.By
sﬁbstituting finite differeﬁces for fﬁé différenﬁiél q&éﬁfities and
by éppiying tﬁeVCOnditibhs éxprésséd by‘thfé eqhatidn'simulfaneduély
for all leQelé,in'tQé column. Tﬁe pfodedufeAreqﬁired ah'initiéf¢‘
éééumptibn‘oﬁ the pressﬁrevdisfribution; £ollowed by a.ﬁrog:essiQe
‘ impfovement”of the assumption by repeatedlcélculatidhl The'time
intervals could not be chosen arbitrarily because their défermihai
tion emerged as part of the solution.

" The results of this 'study indicated that the general trend of
 the drainage process can be predic;éQ‘frdm a knowledge of the dgéérp-
tion andﬂcapillarywconduétivity chéracteristicsldfithe'soil.
A&cﬁt@ce predictions ‘can be expected only when these characteristics
canfBe'hohtféliéd.and'measﬁred precisely. 'Thé'gfeateét Handiéaﬁ -
was the complicated protédure for solving'thé.éifferential eQuati5n
of flow. The authors considered'thevgquatioﬁva fundamental rela-
tionship in}drainage theory and stated that it might become exceed-
ingly useful in drainage investigations when improved experimental

techniques and better methods of calculation become availableo
De Golyer, E.'L.;‘éd;;,1940, Elements of the petroleum industry:

'thﬁgYofk,}Am}jImét:5MinﬂngiMéféii?iEﬁginﬁété?lpi?}913
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An‘apparatus involving .essentially ;hg same techniqgg‘asAppe
Washburn-Bunting porosimeter was that developed by the U. §. Bureau
of Mines. This consisted of a pressure bomb, in which the test
specimen was placed, spring gauge and dead-weight gauge for measur-
ing pressure, and a burette into which the gas was expanded and
measured at atmospheric pressure.

' The volume of the bomb was determined by inﬁ:oducing”éoﬁbféésed
air,.by observing the pressure, and theh.by releasing the air into
the burette and measuring its volume at atmospheric pressure.’ The
procedure was repeated with the core sample in .the bomb. TheAé6m-
pressed air filled not only,the.part of the bomb not occupfeavﬁy
the specimen but also the voids in the specimen.

The .difference betweennthe two volumes waé‘the volume of the
sand grains. The bulk volume of the sample was then determined by
a phcnometer using mercury. Porosity was then .determined by the

following .equation,

where

P = porosity, .

1]

Vs

Ve

bulk volume of sample,

)]

wvolume of the sand grains.
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Deryagin, B. V., and Zorin, Z. M., 1954, Optical investigation of
édsorption and surface condensation of'vapors at near the
o) A \..'A',' E
.. saturation pressure: Doklady Akademiis:Nauky SSSR, v. 98,7~

p. 93-96.

The multimol adsorption of vapor on a smooth surface was
investigated:to clarify the nature of phase changes between a
ga§ and the liquid film adsorbed. The thickness of the layers
.of several n-alcohols, water, CCl4"C6H6’ and some other polar
and nonpolar substances adsorbed_upon.an.§ptically polished glass
surface was measurgd,by the elliptic polarization of light, re-
flected under an oblique angle, and analyzed with a poioriz@fiqn
microscope. The accuracy of the process is not claimed to ;xceed
+ 5A., but the method permits the observation of:the~natqre_d£
condensation and of the adsorbed film, and thus controls its
uniformity. A multimol adsorption was observed at relative
vapor concentration -of 95-97 percent; aﬁ lower concentration,
the adsorption was,uni-and,bimol. Thg adsorbed layer must .be
considered asva special '"boundary phase'. Detaiis‘of apparatus
construction and of the glass surface preparation axe -given.

(Abstracted by W. M. Steinberg for Chem. Abs., v. 49, 8656 g,

Deryagin. B. V. and Zorin, Z. M., 1955, Study of the surface

condensation and adsorption of vapors near saturation by
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W
the optical micropolarization method: Zhur. Fizicheskoi Khimii,

v. 29,.p. 1755-1770.

The thickness h of the adsorbed film on polished crown glass
and flint glass at relative vapor pressures p/ps above 0.93 was
determined optically. Presence of H (hydrogen) in the vapor did

S

not affect h., For H_0, alcohols, etc., h gradually increased with

2
p/ps; e.g., for EtOH, h was 10, 30, and 62 A. at p/ps of 0.955,
0.985, and 1.00 respectively, and h at p/ps 1 was 75, 50, 60, 100,

110, 35, 40, 30, 20 and 40 A. for H,0, PrOH, BuOH, n-hexanol,

2
n-heptanol, n-octanol, n-nonanol, n-deconal, PhNOz, and hexanoic
acid, respectively. For nonpolar substances, h was .often small

up to, e.g., p/ps = 0.97 and rose of further increase of p/ps so
rapidly that the value of h at p/ps 1 could not be determined;
This was particularly true for CGH6 and C.Clq, less so for_n-qs_li_l2

and n-Q7Hl6. Since the adsorption isotherm of polar substances
intersects the ordinate at p/ps = 1, the transition between the
adsorption film and bulk liquid phase must be discontinuous. The
polar bulk phase starts as discrete droplets coexisting with the
adsorption layer; apparently adsorption film is a separate phase
having a chgracteristic structure, bn the contrary, the adsorption
film of nonpolar substances does not differ from their bulk phase.
The conclusion by Bowden and Throssel (Chem. Abs., v. 47, 9713c)
that multimol adsorption does not exist is incorrect. (Abstracted

by J. J. Bikerman for Chem. Abs., v. 50, 6131i, 1956,).

a
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Drombrowski, H. S., and Brownell, L. E., 1954, Residual equilibriim
saturation of porous media: Indus. and Eng. Chemisfry, v. 46,

p. 1207-1219.

S

This .article deéc%%bed_the different variables and their influ-
ence on residual eQuiliﬁfium saturation of porous media.

Porous,me&ia having a wide range'inhporOSity,were selected,
including glass spheres, quartz.sand; glass;hélices, alluminum
cylinders, and nickle saddles. Several liqﬁids.of~different vis-
cosities, densities, and surface tensions,were,ﬁsed a;d,the desatura-
ting :driving forces of gravity, centrifugal force, and the pressure
gradient of air as a displacing fluid were invesi:igatéd°

An x-ray technique was developed primarily for analyzing changes
in 1iquid saturation in porous media during progressive desaturation
by increased pressure gradients in air. ' This technique used film
to record the transmission of x-rays through the éoroﬁs beds.
Microphotometer recordings of photographic film density together
with suitable calibration charts establishedvpoihé saturations.

A method was developed to predict the residual liquid content
of unconsolidated porous beds in .terms of the permeability and
" length of bed, the density, surface tension, and contact angle of
the liquid, and the forces of gravity, centrifugal force, and
pressure gradient. ‘Liquid contents were discussed as the volume

percent of the total volume of pore space filled with,the,iiquid.

TR
WET

69



Eaton, E. M., and Horton, C. R., 1940, Effect of exchange sodium on
- the moisture equivalent and the wilting coefficient of soils:

Jour. Agr. Research, v. 61, no. 6, p. 401-425,

"Thé‘effeéts of adsorbed sodium, calcium, potassium, and magnesium
on the moisture equivalent values of soils were reported. Two sets
of soils were chemically treated for this investigation. The first
set, designated as washed calcium and sodium soils, provided infor-
mation for the comparisons of the effects of calcium and sodium on
the moisture equivalent. The second set, designated as caléium,
magnesium, potassium, and sodium soils, was used only for supple-
mentary moisture-equivalent measurements where the effect'of potassium
was of principal interest. The moisture equivalents were determined
on 30-gram samples of soil which were centrifuged for 30 minutes at
2,440 rpm.

The time required for the centrifuge to reach full speed was’'
found to affect the moisture-equivalent values., Higher moisture-
equiValehtﬂvalués were obtained when the full speed was reached in
15 seconds .than when full speed was reached in 4% minutes. The"
difference was 1 percent or less for the calcium-treated soils but
from 1.9 to 10.6 percent for the sodium-treated soils.

Measurements were made of the distribution of water in samples
of the treated calcium and sodium soils after centrifuging. The

percentage of water in the calcium soils increased from the inner
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surface to the outer; in the sodium soils the percentage of water
increased from the outer surface to the inner. Sodium soils contained
ﬁﬁch water and, as the soil was dispersed, particle segregation occured
readily in the plastic masses of the fine-textured soils. During centri-
fuging the large particles tend to migrate towards the periphery, dis-
placing small particlés towards the axis of rotation.

The amount of the effect of sodium on the moisture equivalent was
closely related to .the percentage of clay, exchange capacity, and
quantity of adsorbed sodium in the soil. The moisture equivalents
.for the sodium-treated soils were in many instances two or more times
as high as those for the calcium-treated soils. The effect of adsorbgd
sodium on the moisture equivalentx consequently, was considered as
being .due to .three coincident factors: hydration, dispersion, and the
segregation of a relatively impervious layer of clay on the surface
of some of the soils. Hydration contributed to the resultsnboth
because of the tightlyuheld water and because of the effect hydration.
may ‘have on impermeability. vDispersion increased‘the free surfaces
and thereby the water-rete#tiveness of the soils.,

S-shaped moisture-equivalent curves resulted when'calcium and
sodium soils were mixed in successive proportions indicating that
the relationship between adsorbed sodium and either or both hydration
-and dispersion is not linear. The moistgre equivalents of soils .did.
not seem to be measurably affected by 1§ss than 2 millequivalents

of adsorbed sodium. The maximum effect on the moisture equivalent
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was approached when 8.17, 12.26, and 12.74 millequivalents of adsorbed
sodium wag_used for 3 soils. The maximum effect was not attaiped with
4.9 millequivalents of adsorbed sodium for a fourth_soil.

Twelve sodium-treated soils were wetted with a normal solution of
calcium chloride, and several were wetted with a normal solution of
sodium ch}oride. The moisture equivalents of the sodium soils.wetted_
with these solutions tended to be equal to, or slightly lower than,
the moisture equivalents of calcium soils wetted with distilled water.
The adsorbgd sodium apparently did not affect the moisture equivalent
when samples were wetted with a strong salt solution rather than dis-
tilled water.

The moisture equivalents of calcium and magnesium soils were
fqund to be similar to and nearly always slightly less than,;hose of

the potassium soils.

Eckis, Rollin, and Gross, P. L. K., 1934, South Coastal Basin investi-
‘gation - geology and ground-water storage capacity of'valiéy fill:

California Div. Water Resources Bull. 45, 273 p.

Specific-yield and sto;age-capacity studies were made in 35 ground-
water basins of the South Coastal Basin. The storage-gapacity estimates
were for zones 50 feet above and be}ow the water table as of January
1933, respectively.

Parg of the study included a detailed investigation of specific

yield, porosity, and specific retention. Several hundred samples were
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collected from surface exposures and shallow test holes, and several
thousand samples were obtained from wells. Porosity and water-yielding
.capacity were détermined, and mechanical analyses were made primarily’
for sand and gfavel samples. Mechanical analyses were made to deter-
mine particle-size distribution, and the statistical measures, mean
grain size, surface factor; uniformity coefficient and effective size;
and the standard deviation, ratio deviation, and skewness of the
.distribution were computed.

Because most of the experimental work involved the determina-
tion of specific retention (which must be subtracted from porosity
to obtain specific yield), the study of methods for determination of
porosity wefe considered important. The five porosity-analyéis_methods
involved:. (1) repacking of unconsolidated sediments in the laboratory
by tapping a sample cylinder until the volume reached a minimum, (2)
driving a sharpened-edge steel cylinder to obtain a known .volume of
.the sediments, (3) digging a pit, weighing,the excavated material,
and measuring the volume of the excavation with a'uniform sand, (4)
determining the volume of a weighed sample of consolidated~éediments
by displacement in mercury, and (5) estimatingvﬁorosity from data
obtained from particle-size analyses.‘ The méthod of measuring the
volume of an excavation with a uniform sand was concluded to be more
accurate possibly than the method of driving a cylinder. The results
in graph form indicated also .that sediments of similar particle-size
distribution had similar porosities. Porosity was .related also to

1

ratio deviation as follows:
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Porosity = 45.5 percent - 3.35 ratio deviation

‘Samples analyzed for their water-yielding»gapacity were primarily
sands and gravels, accordingly, the specific rgtention values were |
relatively small and varied only a few percent.

Five methods for determination of specific rétention werevstudied.
Three cylinders, 4 inches in diameter and 40 inches ig_length,“were.
packed with carefully sorted sand and saturatedeith a measured quan-
tity of water. Water was then drained from the saﬁd columns by means
of a well outside the cylinder attached through‘a U-tube to;tbe
bottom of the cylinder. Entrapped air was removed by tapping the
cylinder and allowing the materials to settle over prolongéd periods
of time. The water table was lowered slowly over a p;riod.of one
month so that no capillary columns would be isolated and so that
drainage to specific retention values could be accomplished. The
water table was allowed to stabilize for 30 to 60 days. A measured
amount of water was then,removea siowly.and a peripd of 30 to 60
days was allowed for the new water table to reagh equilibrium. The
difference between the water,lévgls was then used to calculate the
specific yield. The colummsvweré allowed to drain for an additional
18 months, the cylinders were gplit, the‘the moisture contents were
determined for approximately each l-inch length of the‘column. The
moisture content was plotted for each inch above the wat.ervtable°
Although all tests were carried out in a constant temperature room
at 25°C,_evaporation gffecfs at depths as great as 27 inches below

7
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the top of the column were noted. Less than 10 percent of the water
retaiped in the sample at the end of the 30- to 60-day period drained
out in the 18-month period.

Moisture content was determined for samples collected from pits
dug to the Qater table and from auger borings. Samples were obtained,
at depths as great as 500 feet, from materials that were drained as
the water levels fell in the summer. The moisture retention of the
pit samples was-considerably greater than .that of the materials
drained in the laboratory. The moisture retention of the auger
samples was considerably less than that of the pit samples but
only slightly less than that of the laboratory drainage samples.

The authors concluded that some evaporation may have taken place
in the relatively shallow auger samples but that probably very
little had taken place in the deeper pit samples.

Steel cylinders, 18 inches long and 4 or 8 inches in dia-
meter, were driven into the sediments, removed, and the moisture
content then determined. Two sets of samples were collected, the
first about 36 to 48 hours after a rain, the the second after an
additional 36- to 48-hour period had elapsed.

Cylinders 6 to 8 inches long were driven in -duplicate to enclose
a volume of ﬁatural sediments. They were then saturated by addition
of exceés water, covered, and aliowed to drain in place for a period
of 11 or 22 days. Because the retention after 11 days was about the

same as it was after 36 hours (for similar materials by gravity
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drainage of columns when an excess of water was not used), the drainage
of excess water was considered to be a very slow process.

An indirect method for estimation of gpecific retention was develw.
oped. [The surface factor or.index of fineness was' determined from
mechanical analysis and plotted against moisture retention. A,straight=.
line relationship thus obtained was useful in estimating specific
retention as follows: .

. W= 3s
and specific retention = (W)(d) (100 - p)
where. - -

W = moisture content, :percent by dry.weight;

-8 = surface factor,

d = specific gravity,
) o«

.p = porosity. -

The surface;factor (s) is.proportional to the surface:(s) per unit

volume (V) of solid material or s =‘k-§—,;where k is.a proportionally

' k& r? 1>
constant. For spherical particles thevformula becomes 8 = Z7§;§3- ==
The surface factor is then calculated from s = 0, 1}Z-Jl- if p ;——ES—;—

1 2

is the percentage of material in the class interval between the limits

T and r2 and r is the average radius in the interval.

The investigation failed to indicate any detectable dependence of

\

specific retention on por051ty
The authors concluded that an increase in temperature would speed

up the process of drainage and that specific retention was thus dependent
T
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on temperature. This conclusion was not based on experimental evidence,
however, but upon the reasoning that surface tension decreased with an
increase in temperature.

Since both specific retention and porosity were shown to vary
with particle size, both values were averaged for each maximum 10-
percent grade size and plotted on a graph against ﬁhe 10-percent
grade size. Values on the specific retention curve were subtracted
from the corresponding values on the porosity curve to obtain the
points necessary for drawing a specific-yield curve.

The authors emphasize -that weathering of solid rock may increase
the specific yield of a formation Whereas,the weathering of alluvial
gravels may cause a decrease in specific yield owing to the disinte-
gratiqn of the large particles ihto a clayey matrix. Compacttoh of
sediments was noted to reduce specific yield owing to a deérease in
the size of the pores. Cementation had essentially the same effect

on specific yield as compaction.

Edlefsen, N. E., and Bodman, G. B., 1941, Field measurements of water
movement through a silt loam soil: Am. Soc,‘Agronomy Jour.,

v. 33, p. 713-731.

The objective of this study was to measure over a period of 842
days the magnitude of the vertical flow across different horizontal

planes in undistrubed soils.
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The study was made on a plot 16 by 16 feet on silt loam soil.
IrrigatiOﬁ'ﬁatefxﬁéé‘éﬁpliéd.iﬁ:anfémoﬁﬁt more than Sfoiéieﬁﬁ to
saturate the entire s;ii"ﬁASé t5 the water tab1é, which at all times
was:deépéthhan'22xféétiﬁe16w'ﬁﬁé'soil‘éurface;'ATHé time at which
the free-water SGrfadeVCOiﬁcidédfwifﬁffheISuffécé:dfttﬁe gfouﬁd-was
chosen as the zéro time for calculations of moisture content or
velocity. ~ At zero time the plot was covered with 2 layers df:heavy
foofihg"pépér. A 6-inch iéyef dfvdfytsail'waé appiied‘ﬁvef Ehe
roofing‘péﬁéf“hhﬂia éhééféif65¢r06fzﬁaé‘buiiEJOVef.théxéﬁtire‘éreaf

to keep out rain. An area, 8 by 8 feet, in the middle of the—plot

-

was.cHGSén.féi mdiétﬁrétSAmpliﬁéfwsrk.:'Sambies'ﬁéré tékén’ﬁith'a
staﬁdafdﬁsdii tube éf‘é-iﬁéﬁ:intérvals'éd‘é maximum depth of 9 feet.
Mechanical analysis, and determinations of apbafént'dénsity énd
moisture équivalént“ﬁé}e made on eaég 6-inch léyeroa

v:?'Tﬁé fésﬁ1£s'ihdiééfédffﬁétltﬁé‘déwhWArd'flow of water under
the influence of grévitf'dééréaséd with time and that éﬁgenérél -
deéféase'iﬁ”fhe“réiétfvézwefnéés éﬁ'éll.dépthé;oécurfédbwifﬁ'ﬁime
for the entiré’ég-ﬁbhtﬁé,k Tﬁeirélati#é'wétﬁeéé‘of the soil was

found to increase, at .a given time, with depth from the .soil surface.

Ellis, A. J., and Lee, C. H., 1919, Geology and ‘ground waters of the
the western part of San Diego Couhty, California:”U;Sﬁ.Gébll.

~Survey Water-Supply Paper 446, p. 121-123.
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As a part of the investigation, the authors presented a meﬁhod for
determining the water-retaining capacity of valley fill. Pits were dug
to the gtound—water level at points selected so as to give differipg dis-v
Afances to the wateé table and differing types of material. Samples of
the material were taken during the dry season at intervals of 1'f00t,
from thé surface down to the water tablg, by driving metal cylinders, 9
inches long and 5-5/8 inches in diameter into the material. The moisture
content of each sample was detefmined and expressed as a percentage of
initial volume of the sample. N

The percentage of water retained diffe;ed thropghout the interval
sampled and was maximum at the water table and minimum at a distance of
about 1 foot below land surface.

The volume of water réptesented by the annual rise and fall of the
ﬁater table was computed.- For an average énnual fluctuation of approxi-
mately 3.5 feet, the effective porosity or Spgcific yield (différence
between total porosity and'waterfrétaihing‘capacity) ranged from an aver-

age of 41 percent for sand to 16 percent for fiﬁe sandy loams.

Elrick, D. E., and Tanner, C. B., 1955, Inflﬁence,of sample pretreatment
on soil-moisture retention: Soil Sci. Soc. America Proc., v. 19,

no. 3, p. 279-282.

The moisture-release curves (or moisture-tension) of eight soils

were computed for samples passed through a 2-millimeter sieve, and
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for undisturbed soil cores. Eleven different moisture tensions in the
range ova.Ol to 15 atmospheres were used in determining the extent to
which sieve soile could oe nsed to approximate reliably the moisture
retention of undisfurbed soils. The release curves were also computed
for puddled soils to evaluate the effect of puddling.

Undistrubed cores, retained in brass cylinders 5 centimeters in
diameter and ; centimeter in height, and a bulk sample of soil were
obtained‘at eech soil sempling eite. The cores were wax-coated in the
field. Prior to determining the moisture-release curves in the samples,
the wax coats‘were7removed and the soil samples were trimmed to obtain
the best possible membrane contact. To prevent the loss of soil .from
the cores, a single,thickness of facial_tissue was placed at the
bottom of the.soil core and a nylon stocking mesh was placed over the,
tissue and glued to the bottom rim of the brass sample cylinder. Seven
cores of each soil were soaked for at least 48 hours and were tested at
11 tensions without rewetting The air-dried bulk sample was passed
through a 2-millimeter round-holed sieve and then quartered to sample
size. Triplicate 20-gram sieved samples.of dry soil were poured into
rubber rings 5 centimeters in diameter on the porous membranes and then
wetted by capillarity for 16 to 24 hours before<tension was applied.
Triplicate 20-gram puddled samples were obtained by triturating sieved
soil which had been wetted to about the satufation percentage. The
puddled soils were allowed to stand for 16 to 24 hours, efter which

more water was added and the soils again triturated. The thin paste
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was then poured into rubber rings on the porous membrane. Soil-moisture
tensions of 10, 20, 40, and;80 centimeters of water were obtained on
alundum tension plates. Tensions of 160, 325, and 650 centimeters of
water were obtained on porous ceramic plates in the preséure-cooker
apparatus and tensions of 1.5, 3, 8, and 15 atmospheres were obtained

in the pressure-membfane appératus.

The moisture retention of sieved samples of the medium-textured
soils studied was greater than tﬁat of the core samples at tensions
of less than 0.4 atmospheres. No general relationship existed between
values_bbtained by the two methods in the tension range of 0.4 to 1.0
atmosphere. Sieving decreased moisture retention about 10 percent
at tensions greater than 1.0 atmosphere. The authors stated that
core samples should be used rather thén sieved samples‘fof tests at
tensions of less than 1.0 afmosPhere_to avoid errors greater than
10/ percent. Puddled samples retained‘considerably more water than
core samples in the tension range of 0.1 to 2.0 atmospheres. Little
difference in water retained was observed at tensions leés than 0.1
atmosphere and greater than 5.0 atmospﬁeresp Pu&dled soils gave a
better approximation of undisruptéd soilé than sieved soils at ten-

sions between 5 and 15 atmospheres.

Gardner, W. H., and Gardner, Willard, 1951, Flow of soil moisture in
the unsaturated state: Soil Sci. Soc. America Proc. (1950),

v. 15, p. 42-50.
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When soil is saturated with water the flow can be described by

means of the Darcy law where

V = =KAo
and
V = velocity of flow,
K = Pfoportionality constant having .dimensions of time and
representing the permeability of the soil,
= Symbol_representing,the force per unit mass that drives

o

—- water through,ghe soil,

The success of the Darcy generalization in saturated flow has
made it desirable to adopt it to the solution of problems of
unsaturated flow. Gérdﬁer in 1936 suggested that for unsaturated

flow an undetermined function of moisture content, f, be inserted

in the Darcy equation; thus V = -KfA¢. It was the purpose of this
research té discover the nature .of this function £ by studying the
horizontal radial flow of water through soil contained in a semi-
cylindfical lamina 1 centimeter deep from a source where water
coul& pe"furnished under any desired p;éssure._

Contrary to the simp}e assumption that a function of moisture .
content‘existed tﬁaﬁ could be multip;ied by the permeability constant
K ofnthe Darcy gqua;ion to make it‘applicable to movement of water
in unsaturated soil, the authors found_;hat‘experimental data
indicated in addition to a pressure gradient due to variation of
soll moisture from point.to point that thgre must be a gradient

due to the dynamic process itself.
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The data did indicate that the permeability decreased rapidly

with the moisture content.

Gatewood, J. S., Robinson, T. W., Colby, B. R., Hem, J. D., Halpenny,
L. C., 1950, Use of water by bottom-land vegetation in lower
Safford Valley, Arizona:; U. S. Geol. Survey Water-Supply Paper

1103, p. 81-92.

The authors studied evapotranspiration of phreatophytic vege-
tation and therefore were interested in specific yield of sediments
for a short period of time, usually 12 hoursoy The terms-:coéfficient
of drainage, where the water level was declining, and coefficient
of saturation, where the water level was rising, were codined to
designate the specific yeild with time as an element. Four methods
, of'detefmining the coefficient of drainage were discussed: (1) the
cyiinder method, (2) the tank method, k3) the laboratory method,
and (4) minidture pﬁmping,tests.

" Three large cylinder samples, 42 inches in length and 14 inches
in diameter, &ere obtained from undistrubed materials close to the
transpiration wells. A pit was excavated and as the cylinder was‘
driven downward into the bottom of the pit, the pit was deepenéd
outside the cylinder to reduce friction. The material in the bottom
4 inches of the undisturbed cylinder sample was removed, Perforated
pipe was inserted through the side of the cylinder in this interval
and the space was filled with a fine gravel. The cylinder was

[
S V)
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made watertight by welding a steel plate to the bottom, and a pipe
tee and a stop cock were attached to the outer edge of the cylinder.
Glass tubing.for'observation of water level was ﬁhen aﬁtached
verticaiiy to the teé énd‘thevcylinders were placed vertically'on

a recessed shelf in a pit.S feet deep. The tops of the cylinders
were insulate& with rock wéol and the sides and tops of the
cylindefs'were Cdvered with a layer of soil, leaving visible only
the gage glass and stop cock. The pit was covered with a roof to
protect if from rain and from rapid or large changes in temperature
and relative himidity. The effects of changes in barometric pres-
sure were minimized by using only the readings of water level that
were made Wiﬁhin a narrow range of barometric pressure. Holeslwere
bored to the top surface in each of the samples and water was added
until the water level stood at heights of about l,ﬁigilzﬁéahdiié3/2'
feet) reépectively, abdve the bottoms of the 3 samples; Water
levels in the gage glasses were observed for a 1l5-day period and

a meASufed quantity of water wés then withdrawn through the stop
cock ffom each of the samples. The resulting decline of water
level wés observed for about 25 days. Water level in the 3 samples
had ceased to decline at the eﬁd,of 9, 10, and 15 days, respectively.
The volume of water withdrawn from each samplg was divided by the
volume of material unwatered and multiplied by 100 to obtain in

percent the coefficient of drainage for the period.
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In the tank method, 5 tanks, 5% feét in depth and 4 feet in -
diameter, were installed in excavations provided for them. Two
wells were instailed in each tank so that the watér level could
beiobserVed and so that a uniform water level could be maintained
across the tank. Successive layers of fine sand, gravel, coarse
sand, and finally the excavated matérial, were placed in the
tanks. Each tank was co&eréa first with a layer of tar paper
and then a layer of rock ﬁéoifto prevent evaporation from the
soil surface. A canvas cover over a center pole produced a tent-
like shelter agglnst wind ahd rain. A continuous ﬁater-stége re-
cofﬁér was instélled 6ver the recharge well of each tank. The co-
efficient of saturétion was determined by adding measured amounts
of water to the tanks and evaluéting,the resulting rises in water
level. The coefficient of drainage was determined by withdrawihg
measured amounts of water from the tanks énd'evaluating the result-
ing declines in water level. Thé tanks wére allowed to stand un-
disturbed for 8 days or more after éach addition or withdrawal
of water. The coefficient of saturation was usually greater

than the coefficient of drainage.
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In the laboratory method, a drainage cylinder 7 inches long and
approximately 5 inches in diameter was used. ‘A drain cock and screen
were installed at the bottom and de-aired water was added until the
cylinder was approximately one-third full. Material was then poured
uniformly into the éylfnder, adding water as needed to keep the
water surface above the top of the sample material at all times.

The cylinder was filled in .3 parts with eaéh paft tamped vertically
25 times with a wire rod about 0.1 inch in diameter. After the
last £ampiﬁg, material was coned abové’the t§p‘of the cylinder and
the side was tamped’ 25 times with a hard rubber tube. The material
was then ieveied.and water was drained out of the sample. As>soon
as the wadter 1evei'haaﬁdeclihed to the level of the screen, a 3/16-
inch hole at the base of the percolation cylinder Qas opened to
alidw air to enter beiow'the.screen.r The water removed during

the prelimiﬁary drainage periodAof 5 to 15 minutes was measured

and recorded. The cylinder was then removed from the apparatus

and a paraffin paper cap was placed over the top to prevent evapo-
ration. A wick of turkish towéling aﬁout 18 inches IOng was forced
through the bottom of tﬁe pérméémeter, through the 1/4-inch hole in
the screen and up into the sample about 5 inches. This provided a
rapid'méans of réﬁb?iﬁg much of the remaining water ftomAthe sample
and dispoéihg of it by‘dripbing and evaporation. The percolation
cylindér’was then weighed'and placed on a drain rack with the free
part of thé wick‘ekposed to the air. During the early development

LETRRRI N
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of.the method the samples were left to drain on the rack for 192 hours
and wére weighed twice a day. A graph showing rate of drainage was pre-
pared by blotting the gfoss weight of the éylinder and sample, in grams,
versus the elapsed .time. The percentage of loss by‘draiﬂbngaﬁashthauﬁol-
ume of total loss (included both periods of drainage) divided by the
volume of the sample, mﬁltiplied.by 100. A 48-hour drainage period was
finally adopted because it was. the shortéét.period that gave a consist-.
ent relation .between the percentage of loss by draining and the qbeffi-
cient of drainage. A curve for the drainage coefficient determined
from the long cylinders and tanks versus the loss by draining deter-
mined by the laboratory method was plotted for sand and gravel samples.
In the miniature pumpingifest method, an attempt was made to deter-
mine the water-bearing characteristics of only a thin zone ﬁy means of
a pumping-test thét would affect only a few féef in the upper part of
the saturated zone. An 8-inch bored well that penetrated only 2 feet
of saturated material was used. One-inch sand point observation wells
were driven to about 3 feet below the water table. Four.of the wells
were in a line with the pumped well, spaced about 3 feet apart, with two
on eatch side .of the pumped well.: Two more observation wells were in-
stalled about 100 feet from the pumped well, one on each Sidem'LThe test
covered a period of 7 hours and 45 minutesj the average discharge of
the pump was 0,783 gallonsa acminute, and the maximum,drawdown in the

“pumped well was 1.55 feet. Transmissibility of the material for a

zone of unknown thickness was computed to be about 5,000 gallons a day



per foot,f The'euthers'cencleded that the coefficients of tramsmissibility
and storage were erroneous beeauee existing formulae assume flow through
the entire thickness of the aqulfer The euthors believed that ﬁethod
should be developed further before ir could be succeesfully used in field
vdeterminations of the eoefflcrent of'dralnage and saturation in a thin

zone.

Goldbeck, A. G., and Jackson, F. H., 1921, Tests for subgrade soils:

Public Roads, v. 4, no. 3, p. 15-20.

A series of laboratory tests used for eValuating soil typeslas they
affect the stability of roads wérediscussed. The moisture equivalent and
water-holding capacity represented two of tﬁese tests. |

In the moisture-equivalent procedure, a 5-gram sample was placed in
a Gooch crucible and allowed to take up water by vertical capillarity un-
til saturated The sample was then placed in the Babcock cup of a cen-
trifuge and centrifuged at 750 times the force of gravity for 1 hour.
Moisture equ§va1ent waS‘obtained by weighing the soil after centrifugin,
drying to constant weight in an oven at 100 degrees centigrade, and \
weighing agein. The moietUre equivalent, wﬁieh represeﬁted the percent-
age of water retained by the soil after centrifuging, increased with the
percentage of very fine silt and clay ip the soil.

The water-holding capacity of a soil was considered the maximum 5ér~
centage of water that could be'retained by a soil under any circumstances.
In the Qetermination qf rhe weter-holding capacity, a soii was placed in

o et et e
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a brass cylindrical box, i centimeter in height and 6 cénfimeters in di-
ameter, the bottom of which ﬁaé perforated with holes. The box was
weighed, submerged in water for 1 hour, removed from the water, and
agéiu»weighed immediately° The wateﬁ-holding_capacity was determined

by comparing this weight with the weight of the dry soil.

Gurr, C. G., Marshall, T. J., and Hutton, J. T., 1952, Movement of water

in soil due to a temperature gradient: Soil Sci., v. 74, p. 335-345.

This paper reported an attempt to assess the contribution of liq-
uid and vapor flow to the temperature effect by measuring .changes in the
distributiontbf a small amount of soluble salt in .the soil. The move-
ments of soluble salts were assumed to be due to the tranéport in the
liquid phase'ohly,

A '"Perspex" cylinder, 10 centimeters in length and 14 centimeters
in internal diameter, held the soil. On one end was bolted a heavy
bréss plate to which an electric heater was attached. On the other end
was bolted another brass plate. Cold water could be pumped then through
the cylindrgéal water chamber thus formed. The temperature of the
plates or féées was measured by thermistor and the.température gradient
in the .column also was measured by 4 thermistors installed in the soil
column at -2 centimeter intervals. The soil, which had beenlwetfed pre-
viously and which had Been allowed to sﬁand in a seaied.can for at least
a week, was compacted firmly iﬁ the‘cy1inder° Samples were taken .to de-

termine the initial water and salt content. Then the apparatus was




placed hprizontally in a_constant temperature cabinet at 20 deg;ees
centigraae. ‘A temperature of appro#imately 10 degrees centigrade was es-
ﬁablished at_the cold‘face and a temperature of approximately 25 degrees
centigrade was estab;ished at the hot face. At the end of the run, the
final temperatpre was determined. The téméeratufe gradient apﬁroxi=
mated 1.6 degrees centigrade.per centimeter. After ;he apparatus was
dismantled, the soil coluﬁn was saﬁpled for moisture content. These
samples were then transferred to 75 milliliters of distilled water and
shaken for 1 hour. An index of the content of total soluble salts was
obtained by measuring the electrical conductivity of the suspension.

The chloride content was determined by an electromic titration. Two
s&ils, a loam and a fine sand, werevused in the tests. . The fine sand
was washed and sodium chloride was added subsequently. The loaﬁ'soil
was used Without addition of salt. Pressure-membrane, freeiing point,
and tensiometer data wefe obtained during d?ying and vapor pressure was
obtained during wetting. Different amounts.of water wére added to the
loam soil to provide a wide range of initial moisture contents.

In all But the wettest and driest‘columns of loam soil, a traﬁsfer
of water towards the colder end of the columns and of chloride toward
the hotter end‘ocpurred. This was attributed to a set transfer of water
from hot tp cold, in which water evaporating from the hotter soil moves
as a vapor‘into colder soil, where it ¢ondenses and returns‘as a liquid
when a favorable gradienF of pressure potential has been established.

Theoretical. considerations jindicdted that when the soil:is:sufficiently:
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wet to permit liquid flow, a state of equilibrium .cannot be reached, and
a con;inuous circulation of air takes place. The maximum net transfer of
water from the hot to the cold end occurred in columné where the initial
water contents were approximately one-third of the moisture equivalent.
Movément of water in the liduid phase was known to have occurred at a low

water content, which correspondedtp a pressure potential of -0.8 x 107

ergs/gnm,

Hanks, R. J., Holmes, W. E., and Tanner, C. B., 1954, Field-capacity ap-
proximation based on the moisture-transmitting,properties of the

soil: Soil Sci. Soc. America Proc., v. 18, no. 3, p. 252-254.

The object of this investigation was to determine the_relationship
of the field-capacity approximation fo the field capacity, and to com-
pare the approximation with commonly used methods of estimating field
capacity. The field capacity, field-capacity approximation, moisture
equivalent, l/3-atmosphere percentage, Buckner-funnel pefcentage
‘(Bouyouéos moisture équivalent), and modified Wilcox estimate of field
capacity were determined for twenty-three,soi1§; In.the,field-capaé-
ity approximation procedure nondistﬁrbed soil cores 3 inches in height
and in diameter were used for most of the tests. The samples were:
‘we;ted.from below. About twenty~four hours after the soil becamé wet at
the top, the samples were placed on a large porous plate in a pressure
chamber and subjected to a pressure of 0.20 atmospheré. The moisture

extractédnfrom the soil samples was measured at selected intervals, and

gl



 when the moisture ex;raction rate became negligible, the moisture content .
of the upper part of the samples was determihed. Loose soil at the top
and the boetom;i‘ihch of the 3-inch cores was discarded before making the
moiseure determihetiohs. | |

Beeause it was iﬁpossible to obtain nondisturbed cores of the more
cohesienless seils that.Were‘saﬁpled bulk sampies were.collected and
packed by hand in cylinders about 8 inches dn helght and 3 inches in di-
ameter. The bottom 3 to 4 inches of the 8 inch samples were discarded
before making the moisture determinations.

The field capacity was determined on soils which had deep;water ta-
bles and no impervious layers. An area of lvsquére rod was cleared of
vegetetion and covereﬂ with tar paper for a period of 2 weeks befoﬁe wet -
ting. Water’ wasuadded to a centrally located 6~ feot -square area, or to
infiltration rings, ‘until the 8011 was wet to a depth of 30 inches. Soil-
moisture samples were taken from the wetted areas at about 2-day intervals
for 10 ﬁo 13 da&s{ Plots were hept covered except when sampling. To min-
imiée eveboration effects the top 2 inches ofvthe subsogi samples were
discarded. Field capacity designaged as the.moisture content at which
drainage was negligible was Aetefmined'from the time-moisture content
curﬁe. ” o | |

Thezwilcox method was medified considerably for these tests; Un-
distufhed'soil cores; 3'inches-in.height and in.diameter, were taken in
pairs. One'cere from each pein.was.gir;dried ahd the.othef core was

saturated with water. The saturated core was placed on its air-dry “twin."



A layer of cotton gauze was fastened on tﬁé bottdm of the wet core and
a '"facial tissue' was placed between the cores. The top;wet core was
weighed at about 2-hour in£ervals. Affer the weight femained the same
for two coﬁsecutive weighings, the moisture content was determined.
Most soils required about 8 hours drainage. No serious error was found
due to leaving the éores in contact a few hours after drainage becaﬁg
negligible. The.procedure was not applicable to the soils that had the
coarser texturés° |

Results from this study indicated that the correlation between field
capacity and the field-capacity approximation was significantly higher
than between field capacity and any of the other estimates .except the
modified Wilcox méthod. There was no significant difference between the
correlation coefficient of the field:éapacity approximation and the mod-

ified Wilcox method with field capacity for the nineﬁééils tested. The

modified Wilco§ method, however, was much more timef@@@gﬁf;iwﬁéﬁﬁgﬁﬁ"

ey

convenient thaé thg field-capacityvéppfoximation. In addition, the var-
iability of the ;;ndividual sample results obtained by the modified
‘Wilcox method was greater than for any other method. |

., The addition of a wetting agent (Ultrawet) at a concentration suffi-
cient to lower the surface tension of the water by a factor of about 3,
did not affect the field capacity or the field-capacity approximation,
but decreased the moisture equivélent and l/3-atmosphere percentage.
This further demonstrateé that field capacity and the field-capacity ap-

proximation are not equilibrium measurements as are the moisture equivalent
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and l/3—atmosphere percentage. This also further_strengthene the close
relationshlp of Lhe field- capac1Ly approxlmdtLor to fleld capacii_)°

The data of this 1nvest1"at10n supported the view that field capacity
of a thoroughly saturated soil is the moisture content which occurs after
drainage has decreased the soil-mcisture content to such an extent thef
the consequent large‘decfease in capillary conductivity impedes further
drainage of water. Tne decrease in capillery conductivity is not con-
sidere& to be the entire cause of the fieldLCapaciﬁy phenomomem. A'de~\

creasing hydraulic gradient is also important.

Hazen, Allen, 1891, Experiments upon the purification of sewage and water
at the Lawrence Experimental Station, No. 1, 1889, To Dec. 31, 1891:

Massachusetts State Board Health Pub.; Dec., mo. 34, p. 425-633.

The performance of‘different filtering sands was etudied in relation
to their particle size. The amount of water retained after the sand had
drained depended on the size of the particlés, the finer particles retainw
ing more water thae the coétser particles. The percentage of water re-
tained in the,coarser sands was aboue the same throughont the sand”bedo
The pefcentage ef water retained bﬁ the finer materials was greater in
tne lower part of the bed.than in the upper. The author explained this
by stating that the height'to which capillary attraction was effective

was in inverse proportion to the square of the particle size.

Hilgeman, R: H., 1948, Changes in soil moisture in the top eight feet
of bare soil during twenty-two months after wetting? Aml. “Soc....v

Ag‘mm Jgug:,,.,w f'é@,ﬁnen 20}..ps" FEIRIL5.
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In irrigation experiments with guayule in Arizona, a high consump-
tive use of water’was observed and high values for field capacity were
obtéined from soil samples taken 3 days after irrigation. These facts

'suggested the possibility that cénsiderable_quantities of watef were bg-
ing losf by downward drainage. This study was undertaken to evaluate i..igc »:.
this possibility.

The soil on which these studies were made was Cajon silt loam, an
unweatheréd alluvial soil, which was laid down in layers, This soil
conﬁained.varying proportions of very fine sand, éilt, énd.clay in the
top 10 feet. The water table ranged from 65 to 70 feet below the sur-:
face during the period of study.

The first experiment:wés made on three bare plots, each 32 x 110
feet in size. The amount of soil moisture in each foot to a depth of

_ é feet was determined by collecting moisturersamples at selected time
intervals from two areas‘in.each plot af;er irrigation.

The second experiment was made in a 60-by 100-foot area. This land
had'been ingy@yﬁmémnd.had not 5een irrigated for 18 months prior to its
sampling. All available soil moisture had been removed to a depth of
over 8 feet. Duplicate sets of cfan%inﬁh@?fgéxwere placed at depths of
24, 36, 48 and 60 inches in a:circle in the central 'part of the area.

The movement.of soil moisture was determined by taking moisture samples
from 4 stations around these tensiometers. Irrigation water was applied
for a 72-hour period. Moistu?e samples were takéng;qﬂﬁ&LQ14, 19, 26, 33,
42, and 60 days after irrigation., Tensiometers were read 4 hours afﬁer
irrigation and at frequent intervals thereafter.
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Results from the first experiment indicated that over a period of 22
months considerable water:ﬁés lsét from fhe'upéér 8 féet by dfainage and
evaéoration. Thisvlo;s repgesénteé 47‘percen£ of the avdilable watgr°
Approximately 75 peréent of tﬁe avaiiabie water in'the ;hird énd fourth
foot.was lost. iThis largg ioss sugge;ted that the movement 6f water was
both'upwa¥dAaﬁd downward from this zbné.. The rate of loss of water'seemed
to be related to the temperature and the moisture content of the soil.,
The most rapid losses occurred in the summer. More water was lost during
the first sﬁmmer than during the second. -

In the second expefimént the soil was wet to a depth of 4% feet.
Changeg in moisture and tension were sﬁudied in the upper 90 inches of
‘soil over a 60-déy pefiody Soil moisture moved downward thioughout the
entiré 60-day perioa° A rather marked decrease in the rate of movement
through the upper 30 inches of soil occurred during the firét'l9 days.
Losses from ﬁhe'ﬁo; to 54=inch zone were gradﬁal and became less with
time. Approximately 10 perceﬁt of the tdtal available water in the soil
5 days after ifrigation was not present 55 days later. This 1oss,'which
evidently:extended to a dépth of 54 inches, was attriﬁuted to evéporation;
Reéults frém this experiment indicated that field capacity was attained
10, 14, and 19 days after‘wetting in the 0- to 12-, 12- to iSa, and 18- to
30-inch zones, respeétively, 4Fie1d capacity in the 30- to 54-inch zone
wasAatt5ined apparently prior to 5 days after wettiné because no break in
the drainage curve was recorded. Moisture tension found in the different

: ) , <7
zones at the time when field capacity was attained, ranged from 190 to
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about 455 centimeters of water. The determination of field capacity for
the soil studied was difficult to obtain and was subject to considerable
error. The high rate of drainage traced in the subsoil suggesied that
considerable quantities of water frequently attributed to loss by tran-
spiration of plants in water studies may actually be lost through drain-

age.

Israelsen, O. W., 1918, Studies on capacities of soils for irrigation
water and a new method of determining volume weight: Jour. Agr.

Research, v. 13, p. 1-35.

This paper reported upon observations of the capacities of soils of
the Sacramento Valley, Calif., to retain water under different field
conditions. Plots of land were selected where the water table and cap-
illary fringe were at a considerable depth Selow the land surface. Then
the soils at the surface were wetted by enough water to add a given per-
centage to a unit weight ofvsoil. They were then allowed to drain.

Over a period of several years.(and many irrigations), samples for de-
termination of moisture content and_porosity were taken before and after
irrigation. These results were presented in tabular and graphical form.

A new method of determining volume weight in place was described.
This required éessentially the calculation of volume by filling a hole at
any depth less than 6 feet with a known volume of water. This was ac-
complished by inserting a thin-walled, elastic rubber tube into the hole
and filling it with water to a point flush with the surface. By cor-

recting for the volume of the rubber tube, and determining oven-dried
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weight of the soil as usual, the volume weight of the undisturbed soil

[EER ‘-'.“ .
was obtained.

s e . g
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Jamison, V. C., and Reed, I. F., 1949, Durable asbestos tension tables: |

i
Soil Sci., v. 67, p. 311-318.

A modification of the soil-moisture tension table of Leamer and Shaw

'
i
}
i

was descfibed. Water-stable asbestos board clamped over a copper screen
in a tray constructed from anglé and sheet. brass was used as a membrane.

Also des@ribed was a method of arranging table unitsbin a convenient cab?
inet form to conserve space. The operation of the device was explained
-and the results were given for a test with soils, including samples of a

sand, a loam, and two clays. The results indicated that a l-day équili-

bration time is more than a&equate to take most soils from saturation ﬁd

any tension up to 120 centimeters of water.

Joseph, A. F.,'1927, The moisture equivalent of heavy soils, pt. 2: Jour.

Agr. Sci., v. 17, pt. 1, p. 11-20.

This study evaluated the extent to which‘the moisture equivalent of
a soil ié an additive property dependent on the nature of the particle-
size fractiéﬁs. The moisture equivalent for six.soils differed on the
aQerage By 10.7 from estimafed values determined by use of Middleton's
formula. 1In this formula the moisture equivalent equals Of0426 (percent
clay) plus 0.291 (percent silt) plus 0.063 (percent sand})_ Positive evi-
dence that the moisture equivalent was sometimes an additive property
was presented. Moisture equivaleﬁt determinations were made on |

several mixtures of pdre clayAand ignited sands.
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For these mixtures, the formula 0.595 clay - 0.032 sand gave a reasonable
approximation of the moisture equivalent. The author emphasized that true
additive rélatibnships can, in generaL(only be obtained from series of
soils of the same'nature and if taken at the same dépth. The properties.
of clays differ greatly in their chemical properties and moisture»equiva«
lents. The silt fraction of soils may also exhibit considerable differ-
ences in physical and cheﬁical properties. The results of studies of
aeolian and allﬁvial soils indicated more differences both in the chemical
composition and in the moisture equivalent in the silt fraction than in

the clay fraction.

Joseph, A. F., and Martin, F. J., 1923, The moisture equivalent of heavy

solls: Jour. Agr; Sci., v. 13, p. 49-59.

Relationships between the moisture equivalent and other séil prop-
erties such asfgalinity and alkalinity were reported. Fine-textured soils
from‘northern Sudan were used.. Except in some of the thicker samples where
water accumulated on top, the moisture equivalent decreased as the quantity
of sample centrifuged was increased. This decrease in moisture equivalent
was believed to be due to an increase in the density of the soil. Mois-
tening the soil with a 0.1 percenf solution of calcium sulfate, ammonium
nitrate, or ammonium sulfate réduced the moisture equivalent, whereas mois-

tening the soil with a 0.1 percent solution of sodium carbonate increased

the moisture equivalent.

Kellogg, F. H., 1950, Rate of depletion of water-bearing sands: Missis-

..81ppi Geol, Survey Bull, 70, p. 1-15.
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Because unsteady;state flow methods of estimating rates of depletion
of aquifers ﬁere considered to be pobrly founded, an aiternate method wés
suggested,

Methods based oﬁ this premise use a basic equation as followss

K.A?hdt = G_dh
W s

where ‘ Kw = constant for ground-water flow kunown as the

permeability coefficient,

A = temperature increment,
h = hydraulic head,
dt = inéfement of time,
-G = total quantity of wéter that can be drained

from a unit volume of sand (specific yield),
dh = . increment gf head change. |

fhis is represented graphically by the ordinate of the horizontal part of
a yield-pressure curve, _The right-hand side of the equation must repre-
sent the net flux (net difference between inflow and outflow) due to & head
change'dh or dqw/dh_:-GS. HencevGs must represent the slope of the linear-
yield-pressure diagram,“ihe equations above require a slopimg straight line
where the pressufe head fequired fo remove 2ll drainable water be Gs divided
into the volume.of drainable water. No actual relatioanship of this kind ex-
isted. Therefore, the assumption that specific yield in ground-water flow
is analogous to the product of specific heat times deasity of comnducting
medium in heat flow seemed untenable.

- Comparison of field observations with computations based upon the above

eguation have shown‘elosé agreement provided the line of observatioms passes
' 100
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through the center of the well, This is the condition expected analyticuiij
ically because any differential equation mugt be soived so as to conform

vto certain boundary conditions. However, thezfg}ther away from the bound-
ary (the face of the well where head equals zero) the point occurs, the
greater will be the disétepancies due to the erroneous differéntial equa-
tion.

The author's conclusions wére:

(1) The assuﬁptions of analogy between unsteady-state flows of heat
and of grdund water is approximately correct only when drawdown does not
exceed mean height of capillary rise.

(2) The concep#ion that specific yield is analogous to specific heat
multipliéd by density has no analytical foundation.

- (3) Drainage of aquifers seems to be a problem of flow in the steady
state,

The author discussed the last conclusion in detail. Drainage was
considered in afsteadynsta;e system where water flowing out was replaced
by‘%gﬁequal amount of ai%;floﬁing in, Thus, atmospheric pressure existed
in the poreqaof_theAsand immediately éboveg;he'capi%}ary'water; However,
in\ﬁhe unstéady-sfate syétem, the assumption was made that the whole body
was full of capillary water which‘was drained only when .drawdown excéeded
height of capillary rise for a channel ending in a given pore space at the
top of the sand.‘ Under such conditions, pressures less than atmospheric
would exist at all times in numerous pore spaces throughout the body. 1If
the sand were sufficientlytpefvious, a constant stream of air entering.all

pofé'spaces at-thevtop of the sgnd could be imagined as drainagevproceededn
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A steady-state flpw.in two ph&sgs wquld be the result and the rate of ad-
vancement of.the air-water interface wéuld become a strong interést,

The final ccnplgsion was that~estimates‘of the rate of‘depletion of
aquifers be based on the analysis_of tw6=phase stéady flow involving air

and water.

Kemper, W. D., and Lutz, J. F., 1955, Hydraulic conductivity in large
channels as determined by an electric analog: Soil Sci., v. 81,

 p. 283-286.

An electric analog was set up to measﬁre the contribution of highly
conductive channels suéh as cracks and rooﬁ holes to the total hydraulic
conductivity of'soils; The conductivity éf channels approximately 0.5
centimeter in Qiameter was very large.in relation to that of the surround-
ing soil. The electric analog was constructed so thgt‘this same relation-
ship held for the.qonductiyity.of differemt‘lengﬁhs and amountsvof polished
wire suspended in an agar gel;‘ The percentage increase in conductivity
seemed to be a liﬁear_fgnction of the total 1engtﬁ of wire. . An equation
was then developed, based on the work with wire,'which gave an approxi-‘
mate relatiqnship(éf the number of cond@qtive channels per unit volume,
the average length qf.tbese channels, and their contrﬁbution to the over-
all hyd:aulic conductivity of the soilﬂ‘ This equétion was

c ':;= 1:-4'.57_ z:.i.iLB

where

o
[

percentage increase in conductivity of

system containing no wire,
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and nL = length of wire added per unit volume.
"The equation was thought to be most accurate when the éhannels were
large in diameter, equal in length, homogeneous in distribution, random

in orientation, and relatively few in number.

King, F. H;;?Iéﬁé; Principles and conditions of the movement of ground

water: U.S. Geol. Survey 19th Ann. Rept., pt 2, p. 85-91.

As a part of an extensive investigation of certain theoretical phasgs
of the mqvement of gfound water, the author‘diécussed.some experimental
work on the amount of water retained by capillafity.

To deﬁermine the water-holding power of long columns of material,
five galvanized-iron cylinders, 8 feet long and 5 inches in diameter, were
constructed. A plate was placed on the bottom and top of thé cylinders
and'draiﬁage or rechérge was permitted by a stopcock through the lower
.plate.‘ Evaporation was minimized by inserting in a hole in,fhe upper
plate, a cork containing a glass tube drawn to a fine capillary.ﬁM&he cyl-

inders‘were then filled with five sorted andléhemically inert sands rang-

9. 20 sa?dw(effectivé diameter = 0.4745 millimeters; porosity =
38.86 peréént) toil 100 sand (effective diameter = 0,0827 millimeters;
porosity = 39.77'p;rceﬁt). After water had bggn»slowly introduced from
the bottom and the cylinders were full, the water in the columns was al-
lowed to drain into receiving flasks. .The.rate of drainage was measured
by readings at frequeﬁ; intervals during nigé consecutive days and less

frequently then .over the‘following 2% years. These.reSults were shown in

tabular form. The moisture retained at the end of this period;was\4¥% O
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" determined gravimetrically by cutting the tubes into 3-inch sections and
dryiﬁg the sandAtp constanf wéight at 110 to 120°C. The total quan£ity
of water retaiﬂed and the distribution of the retained water ﬁas shown

in tabular form. This data was then related to ground-water recharge in

humid climates.

Klute, Arnold, 1952, Some theoretical aspects of the flow of water inm un-

saturated soils: Soil Sci. Soc. America Proc., v. 16, no. 2, p. 144-418.

Application of Darcy'é law to flow in unsaturated media, its validity,
and the assumptions made in its use were discussed. The total soil=mois-
ture potential was defined and its_components discussed., Also briefly
considered was the relationship of the permeability coefficient in Darcy's
law to variousAsoil parameters. By usekofithe equation of continuity and
Darcy's law, an equation of flow was derived, and the general problem of
obtaining solutions of this equation was outlined. The special mathématn
ical difficulties encountered when the permeability was considered as a
function of thelmoisture content or the capillary potential were also in-
dicated°.>Using.a functional relationship between the permeability and'the
moisture content, a numerical solution of the flow equation for a semi-
infinite system was given and the phenomenon of a_wetting front was shown

to be indicated.

Kocatas, B. M., and Cornell, David, 1954, Holdup and residual saturation
of hexane in gravity-drained soybean flake beds: Indus. and Eng.

Chemistry, v. 46, no. 6, p. 1219-1224,
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The effect of variations of average diameter, flake thickness, and
bulk_density%on,the hoidup.of.hexane in soybean-flake beds has been de-
termined for three samples of soybean flakes with a range of froperties
covering thevéommercial limits.‘ Changes in holdup (or pounds of total
solution remaining in the bed per pound of oil-free and moisture-free
flakes) due to changes in.these propefties vary inversely with the result-
ant changes in permeability.

“Depending on the temperature and bed properties,'the approach to 5
equilibrium becomes very slow after a rapid initial draining period (which
reduces the holdup to about 0.5 pound‘of solution per pound. of oil- and
moisture-free flakes). Draining was believed to take place entirely by
viscous flow. The authors expected that the ultimate equilibrium holdup
would be about 0.3 to 0.4 pound of solution per pound of oil- and moisture-
free flakes.,

At the end of the draining period the column was disassembled,: The
saturation distribution curves determined by analysis of flake samples
taken.from the bed at this time éhowed a wide range in saturation from
the toé to theAbottém of the column, Althoughithe saturation'gradienﬁ
was partiélly due to Ehe:caﬁillary end effect, the main reason for the
large saturation‘gtadient in high beds was the slow approach to equilib-
rium. Short beds had a very high initial draining rate but a higher ulti-
maté holdup than high beds because of the importance of the end effect.
The choice of bed height for minimum holdup depended on the permeability A

of the bed and the length of draining time involved.
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Lambe, T. W., 1948, The measurement of pore-water pressures in cohesion-
less soils: Internat. Conf. Soil Mechanics and Foundational Eng., 2d,

Proc., v. 7, p. 38=41.

The value of pore-pressure measurements in cohesive soils has received
greater recognition in the engineering field. Research into capillary and
other flow problems can dften be aided by knowledge of the heads which are
causing the flow. This papef described an'appamatus and technique for
.measuring.pore-water préssufes in cohesionless soils. |

~ The test apparatﬁs included é lucite tube of 2%-inch diameter con-
taining piezometers Spaced along the length of the tube, and water £low-
ing vertically. The headmwas measured by a 12%-foot water manometer or
by a‘differéntial mercury manometer, A balancing tube éompensated for
capillary effects within the apparatus. Two tYpes of pilezometer pilots
were used, one a éOO—mesh screen over a one-eigth-inch opening in a brasg
comp;ession fitting, and the other,'a hypodermic‘needle. Eithef one
screwed into a threaded hole in the side of the lucité tube. Transparent
plastic tubing was used to connect pilots with valves. The pilot was flush
with the inside of the.;ube. Experimentation indicated that pressure read-
ings on'pilotsvmounted at equal elevations on both sides of the tube were
the same, sﬁggestiﬁg.equal pressures throughout the cross-section of gample
at any one elevation. The problem of air entrapment in the pilot was en-
countered and corrected only By flushing. The test was run on partially

saturated fine sand.
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The author made measurements during a falling-head permeability test

on a partially saturated soil using the above apparatus.

Lambey T. W., 1950, Capillary phenomena in cohesiénless soils: Am., Soé.

:Civil Engineers Trans.: paper 2435, p. 401-430.

In the design of roads aﬁd ailrport runways, earth dams, earth slopes, and
walks, one of the important considerations is the proper control of sub-
surface water. The movement and retention of this soil water can be de-=
pendent largely on the phenomena of surface tension as exhibited by cap-
illaries. |

The purpose of this study was to obtain numerical measures of capil-
Iarity in,many different soils and to evaluate and explain some of the
current theories of capillarity.

All e7perimenta1 work reported upons was done, under similar test con-
ditions; on a fine, uniforﬁ, natural sand which had a 60-percent size of
0.19 millimeter and 10~percent size of 0.08 millimeter.

The author first discussed the mathematics of hérizontal flow in un-
cqnnetted and iﬁtercqnnected_systems'of capiilary tubes of varying diam-
eter.

The flow in two intérconnected horiiontal tubes had a numﬁer df
characteristics which had counterparts in capillary flow through soils:

(1) The meniscus in the smaller tube preceded that in the
larger tube. o |

(2) Thé énly tube diameter that was effective at any instant
and at any point ip developing capillary head was that diameter where

a meniscds_ﬁgs‘formed..'
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(3) The gradient in tubes back of the air-water interface in
the 1arge tube was essentially constant, because.lateral tlow between
the tubes equalized heads. | |

(4) The average gradient for the system depended on the largerl
tube, since a large part of the greater eapillary head of the Qma.ller
tube was lost in the distance between the two menisci.

(5) In this zone between the two menlsc1, k“ (which corresponds
to permeability in soils) and the degree of saturation for the system

. were 1ower than those back of the lagging meniscus.

Some'of the more 1mportant inherent differences between,soils and a
system of caplllarx tubes,’which make their flow processes unlike, were:

| 1) .The.ideal situation of.lOO—percent saturation usually was
not attained in.soils because of air-entrapment phenomena.

(2) In soils, the equivalent-capilliary tubee changed diameters
from polnt to point. Capillary flow was consequently very jerk.y°

(3) There was an infinite nnmber of effective tube sizes in
soils. ‘

In studying horizontal capillarity the author used a segmented lucite
tube mounted horizontally. Heads were maintained at 35 and 181.7 centi-
metersAand pressures nere determined from piezometer outlets at increas-
ing greater dlstances from the end of the tube.

The deéree ofvsaturation was determlned hy running two similar tests
and plotting the percent saturation vereus distance behind the wetter sur-

face, This plot showed less than 80-percent saturation,
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The author then developed theoretical methods of analysis of horif
zontal capillary flow that ﬁere different from standard permeabilitf:tests.
He emphasized the importance of air entrapment in comparison of test re-
sults. In summary_he stated that an equation using data from his horizon-
tal capillarity test gave a good measure of the permeability’df the soil

‘that has been wet under the influence of capillarity.

The ideas developed in horizoﬁtal capillary flow were appliceable, in
general, to vertical flow, except that in Vertical flow elevation head
was more important. In éapillaryirise, the éffect of elevation head was
to decrease total head,'thﬁs reducing the rage of flow, and to make the

range of low degree of saturation much larger and more important than in

horizontal flow.

.to obtain curves of the degree of saturation and the total

;,:‘1‘,?; R R

head versus the distance, a vertical segmented lucite tube with piezom-
eter outlets was used,
During these tests, water from a constant-head reservoir was per-

mitted to rise by capillarity into the soil samplegiﬁw.J

the bottom of the soil, the water pressures at the piezometer éutlets, and‘
the eiapSed time weré recorded. Pidts were then made of height of rise in
centimeters (ffom bottom of soil) against degree of saturation,- |
Theoretical methods of analysis of capillary risé were develppeﬁ ahd,
as before, the author went from ardiscussion of simple systems‘of tﬁbes to
ﬁhe discussion of soils. The following conclusions were drawn regarding

drainage of soils: -




(1) Drainage proceeded at an increasingly slower rate owing to
decréése in gradient with t-ime° |
(2) In a system of two tubes ﬁith differént’diameters, the
larger tube hadlﬁhe greatgr inflﬁence on the rate and the quantity
of drainage. | |
| (3) The water held in the tubes abéve‘the elevation of.the maxi-
mum. capillary head was noticontinuous, but was water entraéped in the
crqgs‘connettions. .Therefore; the quantity retained was not a func-
tion of the elevétiqn;l
In addition to the differences in tubes and solls listed in the dis-
cussion of horizontal capillarity, another difference was imyortant in
drainage.‘ This was that natural séilsl@ould be partly saturated from the
beginning. Entrapped air causeﬂ time iags for changes in water to occur;
if the entrapped air was not distributed uniformly the gradient was af-
fected.
The drainage data on soils were plotted as Head and quantity against
“time.
Two interesﬁing‘conclusions were drawng
(L) A COnsideraﬁle émount of drainage occurréd after the visﬁal
line of saturation éppeared to have reached its ultimate position.
(2) The visual line of saturation was not the true line of sat-
uratién,v |
The drainage of a partly saturated soil was of much practical inter-
est because a soil satﬁrated by capiilary actioﬁ may have a degree of sat-

uration considerably less than 100 percent. A test was run on a soil which
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had an average degree‘of saturation of 79 percent. This test revealed
two main differences between the drainage of a saturated»énd partly satu-
rated soil méss. "The first was the lower total ultimate quantity drained
from a partly saturated soil. The second difference was the slower rate
of flow and the slower rate of head dissipation in the pértly saturafed
soil. The rate of flow.of water was lower because the permeability was
decreased by entrapped air. |

Another time lag oeccurred in»the drainage of partly saturated soils
which was due to the time required for adjustment to changes of water
pressure, This was due to the compressibility of air (therefore, in order
that air may adjﬁst itself to a difference in pressure; it musf compress
or expand). This volume change in the air necessitated a flow.of water
which in turn required time.

A graph comparing drainagé of a partly satufated soil versus a com-
bpletely saturated soil was shown. The curves agfeed in early readings Sut
diverged during later readings.
| ‘Finally this paper emphasizeﬂ that the capillary characteristics of a
given soil cannot be completely represénted by oné or two head values.
Several capillary heads as follows were reduired for adeqﬁate representa-

tion:

(1) Maximum capillary rise = Point at which curve ceases to be

vertical.

(2) Saturation capillary head - Highest point at which comﬁlete

saturation exists.

(3) .Capillary rise - Highest point to which capillary water rose.
- hhE



(4) ..Maximum capillary head =~ Point at which the maximum capil:-

lary degree of saturation exists.
The author suggested that the term '"capillary head" be used in place

of "capillary rise."

Leamer, R. W., and Shaw, B. T., A simple apparatus for measuring noncap-
*illary pprosity on an extensive scale; Am. Soc. Agronomy Jour.,

v. 33, p. 10003-10008.

A simple'inexpensive apparatus for measuring soil moisture content
at low tensions was descriﬁed. The apparatus consisted basically of an
ink blotter which acted as a porous material that would support an ex-
teﬂded column of water. By the use of a double layer of blotters, ten-

sions as high as 100 centimeters could be obtained satisfactérilyo

Lebedeff, A. F., 1927, The movement of ground and soil waters: Internat.

Cong. Soil Sci. Proc., v. 1, p. 459-494.

In order to simplify the study of the complex procesé of the move-
ment of groﬁnd and soil waters, the author considered it expedient to in-
vestigate and discuss two phases of this process, namely, the movement.of
water in the form of vapor and'ﬁhe movement of water in the liquid phase.

For the study of the vapor phase, a hair hygrograph was used. The
hair was pléced in the soil kept at a constant temperature in boxes,

These investigations have indicated first that if the soil contained mois-
ture in an amount greater than the maximum hygroscopicity, the relative

humidity of the soil air equaled 100, and second, if the soil moisfure was
' 1i$2



lower than its hygroséopicity, the éoil air was ﬁot saturated and ité rel-
ative humidity;mﬁsfléss than 100 percent. The drier the soil was,.the less
was the relativeé humidity of its air., With the moisture content of the
soil femaining:congtant, ghe relative humidity of the air increaséd with
an increase in the temperature.

Observations on the rélative humidity of soil air in nature have in-
dicated that.soil air under‘natural conditions was always saturated with -
water vapor below the depth pf 5 to 10 centimeters. Therefore, the.vapor
pressure of the soil §ou1d be correlated with its temperature. In fhe |
upper.layer the ,s0il alr did not reach saturation and the vaﬁor-pressure
was less--the .drier the soil, the lower its temperature.

Under natural conciitcionsy the enrichment of the soil with condensa-
tion water ﬁmst be greater than what has.been found becauserduring the
spring, summer, and partAof the fall, thé moistﬁre content of the upper -
layer of the soil dropped very frequently to a poi@; lower than its maxi-
mum hygroscopicity. Under such conditions the vap;r pressure in the soil
.was lower than the ﬁaximum vapor pressure at a given temperature. There-
foré, the difference between the absolute humidity of the air and the vapor
preséure in,the‘soil (condensation potential) was greater, whereby the in-
tensity of condensatioﬁ increased. A dry-surface layer of the soil played
a very important hydrological role. In the process of water evaporation,
the surface layer not only lost.but also gaiﬁed some water during the dry
pefiods. In,tﬁe,uppef=most layers a relation of vapor'pfessu;e existed_.
whereby this_layer undefwent a doub1e evaporation into the atmosphere and

into the deeper léyers of the soil. The water being distilled into the
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lower layer was condensed and.increased the resources of liquid water.

In the formation of gfound water by condensation, the place of formation
and location of the water table méy or may not coincide, depending on the
physical structure of theAcorresponding horizons of the earth!écrust.
With an increase in depth, 2 constantly increasing teméeratu:e caused the
water vapor to move from fhe lower to the upper layers. In places where
this movement was the more intensive, an accumulation of liquid water
could be 6bserved, ‘In those layers where the thermal gradient was lower,
the intensity of the movement of the vapor, all other conditions being
equal, must be greater than iﬁ the layers with a higher thermal gradient.
The consequence of this was the accumulation of rings of liquid water
which could not only be seen with the naked eye but codld be determined
gravimetrically.

With soils having a moisture content greater than théir maximum hy-
groscopicity,4experiments have indicated that when two layers of differ-
ent ﬁoisture contents came in contact, the water moved as a liquid from
the more moist layer of the soil into the layer of less moisture, This
was not true-where the soils have moisture contents smaller than their
maximum hygroécopiciﬁy. Here, movement occurred as vapor only. Thus,
the maximum hygroscopicity of a soil was that lower limit of moisture at
which there was no possibility for liquid water to move under the influ-
ence of molecular forces. To approach thig limit the author drained tubes
of sandy soils 4 to 5 centimeters in diameter and 1 to 3 meters in length.
A gauze was used in the bottom of the tube and a head of water of 2 centi-

meters was used to saturate the solls. After drainage the soil moisture
14



in 10-centimeter segments was determined gravimetrically. The experimen-
tation indicated that a uniform moisture content kl;Sl percght) prevailed
in the upper part of the éolumn (60-150 centimeters). This”mdisture con-
tent was considered by the author to be the '"molecular moisture-holding
capacity" of the soils. | |

To speed up the dralnage of exceésive molsture from Fhe soil and to
obtain molecular moisturé«holding capacity the author used a centrifuge
which developed a force of 400 times gravit&. Moist sand was placed in
tubes in layers 3 centimeters thick and centrifuged 1 hgur. After centri-
fuging, the amount of moisture left in the sand was determined (eliminat-
ing 2 to 3 millimeters of the dried outer layer of the sand). The mois-
ture content after centrifuging ﬁas 1.911percent.

The maximum molecular moisture-holding capacity compared veﬁy favpr-
ably with the value obtained by the method of long dolumns. If the sand
from the upper part of the long columns after drainage waé given ;he cen-
trifuge treatment, no water waé_forced out, indicating a similar effect at
L and 400 timés. gravit:,. The;f;aunﬁér{.th‘ehcedet'err'ni;éﬁf’éﬁ&ﬁgéhézgim'tens-i‘t-y:-.,
of movement of film water (within the limits of maximum hygroécopiéity to
maximum molecular moisture-holding capacity) in moving from.onellayervintd
another was not dependént on the forces of.gravity; In proving this, how-
ever, combaction of a sample by pouring it into a tube became é factor,

To determine the characteristics of gra&itational water the author
satﬁrated (under 2 centimeters head fog 3 hours).six pairs of'sand tubes
10, 20, 30, 40; 50, and 100 ceﬁtimeters high. One tube of each pair was
immediately sampiedAfor moisture content. The othe? tube was allowed to
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drain until drainage ceased and‘éhen sampled for moisture content through-
out the tube. The origihal moisture cbntent»in each height of tube was
equal‘;o 21 t6'23 percent. But after drainage the moisture éontent at the
upper part of the. tubes was aboﬁt 22, 22, 9, 4, 2, and 2 percent in moving
from the 10- to fhe 100~centimeter-height columns. The longest tube
drained for 3% days during which 300 cubic centimeters of water was col-

. 1ected; In this column the disfribution of moistufe content became coﬁ=
stant at about 40 centimeters. Changing the height of the column did not
change this distribution; it'only gave a longer section of column with
constant-moisture distribution.

The author reported in tabuLar form the results of drainage of layered
materials and loess. The experiment suggested at the moment of equilibrium
that the moisture in heterogeneous materials distributed itself differently
than in soils.withvhomogeneoﬁs.structure; if the large-grained mass was
below the finer-grained mass then more water was retained in the fine-grained
mass than if it were underlain by material of the same type. Data ﬁere
shown that emphasizes the importance of particle size on the distribution
of water in columns after drainage. In a column of four layers starting
with the finer at the bottom and the .coarser at the top, the moisture con-
tent from top to bottom was about 2, 2.5, 29, and 44 percent, respectively.

The author also noted that in é uniform soil the movement of film |
water from moist to dry zones took place slowly. This picture changed
when two layers of different particle size were placed in contact with
one another; under such .conditions the water moved rapidly from the layer

with a relatively lower inner surface of soil particies towards the
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fimelygérained layer. These observations'explained the variations in the

? .
moistu%e content in layered materials in drainage.

The author discussed in some.detéil the accumulation of ground water.
The sbil_ﬁater in the upper hofizon of tempbrary moistening was believed
to percolate through the underlying dry horiZOn.inlthe same way ;haévlith~
ium chloride éoluggon percolated through sand columns during this experi-
mentation. 7Im other words, water peréolated éhrough dry layers without
saturating them. The gravitational waters combined with the condensation
waters and together formed ground water. Thugﬁln the complex process of
the formation of ground waters the movement of water in the for@.of vapor
from the surface of the soil downward, and from the deeper layers of the
'ground upward as well as the movement of liquid water under the influence
of gravity, were conéi&ered to be only separate items. The author empha-
sized that in the temperate latitudes the condensation process and infiln

tration .combined and either one predominated depending on climatic and

geological conditions of the region.

Leverett, M. G., 1941, Capillary behavior in pore solids: Am, Inst. Mining

‘Metall, Petroleum Engineers Trans., v. 142, p. 152-168.

The application of established thermodynamig and physical principles
to problems of petroleum production‘was;the.object of this paper.

Althougﬁ dynamic pfoblems,inﬁ&lving analysis of the motion of mix-
turés;of immiscible liquids in porous media were discussed, the study was
conéeined primarily with problems involving the static balance betweeni
capillary forces and those.due to the difference in densities'of,the flﬁids;

that is; gravitational forces.

/\._



The abandonment of the '"capillary tube” conzept of sand structure
.and its rgplacement by the concept of a,charécteristic distriﬁutiom of
interfaciai two=-fluid curvatures with water saturation was urged.

The curvature-saturation relation for unconsolidated sands was de-
termingd e#pe;imentally and the results obtained were correlated so as
to apply to all clean unconsolidated sands. To do this, the author se-
lected the heigh£~saturation method. Water and ailr were allowed to reach
capillary equilibrium both by draimage énd imbibition in a vertical sand
columﬁ_(3/4_inch in diameter;, 10 feet im length) and the resultant water
saturations measuréd at numerous heights after at least 2 weeks time,
Saturation changes.werebfollowed by a conductometric techmique andbmois=
‘ture contents of 10-centimeter sections of tube were determined gravimet -
rically. By plottiné saturation against height for four clean sands, data
felllsa%isfactorily near two curves, ome for imbibition (lower) and the
other for dréinage,‘ Data for clayey sands did mot fit this relationghip
because water w#s.more tightly held owing to the abscrption effect of the
hydratable material.

The author showed; in additiom; that the two-fluid interfacial sur-
face area was determinable from thermodyramic comsideration of the.curva-

ture-saturation relation.

Low, P, ,F., aad Deflng, J. M., 1953, Movement of water in heterogemeous

systems with special reference to soils: Seoil Sci., v. 73,

p. 187-202.

The total potential comcept was applied to the movement and equilib-

rium of water in heterogenéous systems such as the soil. A general
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equation was developed, whereby the chénge in the total potential of a
constituent during any process was considered to be due to changes in the
positional potential energy of the constituent, to changes in concentra-
tion, and to changes in pressure and in temperature occurring in that
process. Gré%itational, electﬁostaticg and Van der Waals forée fields in
the system were considered to cause the positional potential energy of
the.water in the s011: ;%ﬁe hypothesis was formulated that thevrate of
movement of the water in the soil was directly proportional to the driv-
ing forge, which was believed equal to the negative gradient of the total
potential of the water. Based on this hypotﬁesis and the general equa=-
tion for the total potential, an equation for the velocity of water in a
heterogeneous system was.developed, As a special case, the latter equa-
tion yielded Darcy's law.

The integration of the general equation produced a second general
Aequation_expressing the equilibrium-pressure difference between any two |
phases as a function of the concentration ratio and positional potential
energy difference for any constituent distributed between the two phases.
The capillary rise and van“t Hoff's law emerged as special cases. The
general equation was applied to the water in the interfacial region of a

clay particle, with the result that the hydrostatic pressure‘Wag shown to
: B . ; -

/

be greater in the miéellér solution than in the intermicellar solution.

The magnitude of the difference depended on the salt concentration in the
intermicellar solution, the electrostatic potential in the micellar solu-
tion, and the distamce from the particle, Simplification of the equation

resulted in an equation for equilibrium osmotic-pressure differences ori-

ginally attributed to Langmuir. 119'



Lull, H. W., and Reinhart, K. G., 1955, Soil-moisture measurement: U.S.

Dept. Agriculture, Southern Forest Expt. Sta.Occasional Paper 140,

56 p.

The autho;s reviewed most of the methods used to estimate soil mois-
ture. These included consistency tests, the grévimetric methp¢,3011 points,
water-absorbing liquids, heat of solution, heat diffusion, calcium-carbide
method, constant-volume methods, resistance to penetration, electrical
resis;ance method, tensiometers, air-picnometer, and the nuclear method.
Only four methods, the gravimetric, electrical resistance, tensiometer,
and nuclear methods were .discussed iﬂ detail. A shortened author's evaiu-
ation of these methods follows:

Electrical resistance units were the most responsive to moisture-~
content changes from below wilting point to field capacity. At moisture
contents between field capacity and saturation, the resistance change pér
unit change of moisture for the fiberglas and nylon units was less than
at lower moisture .levels. Also, field calibration of these units at mois-
ture contents above field capacity was inaccurate because gravitation
water was sometimes lost or freé water was included.

Tensiometers were considered the best method for determination of
soil moisture from field capacity to saturation. However, continuous
records of moisture content could not be obtained using them because they
could Fot be used at low moisture contents.

The acéuracy of the various methods was difficult to evaluate.
Bouyoucos and Mick believed that the relative experimental error of labora-

tory-calibrated plaster of paris units was from ¥ 0.1 to t 1.0 percent. In a
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recent comparison at a Vicksburg site, ﬁuclear equipment‘andxfibefglaSI
units gave 1.4 énd 1.0 pérceht deviation by weight from the calibration
curves, respectively. 1In more than 1,100 observations at three Vicksburg
sites, the average deviation of the mean of duplicate gravimetric Samples.
from fiberglas-unit calibration curves was 1.6 percent by weight.

Plaster of paris blocks, fiberglas;. and nylon units responded with.
about equal rapidity to changes of soil mpistﬁrevbut tensiometers.were
from 40 minutes to 6 hours slower. Plaster of paris bloéks were subject
to error because of hysteresis and because of the rather high proportion
of electrical conduction wﬁﬁth followed patﬁs partially outside the block.
Soil-moisture records secured with tensiometers also exhibited‘considerable
hysteresis.

The salt concent?ation'of the soil solution did not affect the
gravimetric, tensiometer, or nuclear méthods.but for the electrical units
it was the deciding factor as to whether certain types were used. For |
instance, Ewart and Baver'founa’that increasing the salinity from 0 to 0.2
pefcent had little or no effect on moisture readings from Bouyoucos blocks.
When the concentration was'raised'to 0.5 percent, drops in resistance were
noticeable. FibergIaSs:units were significantly affected by an increase
from Q,to 0.1 percento 

Temperature must be considered in the ;ensiometric and resistance
methods. To secure accurate records with electrical units? resistance must
be adjusted’to a_common temperature. Temperature g;adients bgtween the
porous cup of qpe tensiometer and the surroundiqg soii mayicause‘a variation
in tension readingﬂ
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In general, then, the éuthors suggested that the gravimetric method
be used unless méaéurement by one of the indirect methods was absolufely?
necessary to satisfy study requirements. Electrical resistance instrume;ts
were the most useful for securing daily.records of considerable duration;
If the entire moisture range wés to be covered, the fiberglas. or nylon-
gypsum units were recqmmeﬁdedo If temperature corrections were considefed
necessary, the~fiberg1as§ unit should be used. If the soil had been ferti-
lized, increase in salt éoncentration of the soil édlution might prevent
satisfactory measurements with électrical units. Tensiometers were more‘
useful in irrigation studies. Elsewhere the soil frequently was too dry
for them to be of value, Nucléar instruments were considered to hold promise
although sufficient testing had not been accomplished to demonstrate their

suitability for routine field work.

Luthin, Js N., and Miller, R. D., 1953, Pressure distribution in soil
¢olumns draining into the atmosphere: Soil Sci. Soc. America

Prc‘)c,, AL ].7, nos 4, Ps 329-333.

The experiments reported in this study were designed to investigate
some of the physical'phénomena associated with the drainage of water from
columns of soil. Measurements were made of the preséureAdistribution in
the soil column during drainage and of the flow of drainage water out of
the column, At the cénciusion of the experiment the soil columns were

sectioned and the moisture content was determined.
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'Colgm;g:122Aceqtimeters léng were assembled By fastening brass?f
c&iiﬁd;;é;iH;éZé;;;;'gggééh;ﬁ:HHEach sectidn was 5.08 centimeters loﬁg
with an inside diameter of‘7.32 centimeters., Special plastié sectioﬁs were
made to accbmodate tensiometers. The columns wefe pécked in'plaﬁe‘by allow;
ing thé soll to fall from a funnél into the columns. The coluﬁﬁs wére tapped
to settle thevsoil. All of thé experiments werebconducted in a constant -
temperature room aﬁ a temperaturé of ZSOC. Water was pohded on the éoil
surface fo a depth of aﬁout 3 miliimeters'and water was allowed to peréolate
“through the soil column for several hours.u The ponded water was thén_siphoned
off»ghe soil surface and the drainage started. Measurements were made of
the subsidence of the soil surface and frequent tensiometef readings were
takeﬁ. The tensiometer readings.wgre made with the aid of a,nuli-point type
of tensiometer, When the drainage rate became Very'slow tﬁe soil was femoved
from the cylinderé and the moisture content was determined. The degree of
pore saturation was calculated from the data.

Drainage proceeded rapidly in the coarse-texfured soils. Water drained
out of the upper soil portions unt%l tﬁe cépillafy forces resisting the
downward movement of water Qere sufficient to neutralize the downward forces.
The hydraulic gradient approachéd zero in the 1owef portioﬁs.of the soil
column and. the hydraulic conductivity remained higﬁ. The uppef portion of
the soil column became unséturated as drainage éroceeded. ~Watér continued
to move out of the uppér zone under the driving action of a high hydraulic
gradient, but movement was slow due to a reduced hydraulic conductivity,
Static equilibrium was reached when the hydraulic gradient was zero through-

N

out the column.'
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With some minor exceptions, desorption curves for the soils studied
were about the same as the moisture profxle In the drainage experiments
the soil moisture was higher at the 10~20 qentimetgr level than at the bottom
of the soil column. Thé.désﬁrpfion cur'ves iﬂdicated a gradual decrease in
soil moisture wich'increasing:tensidn:until the air-entry value was reached.
The experimental results emphasiéed the importance in drainage of the
tensiom.required to'produce entry of air into the soil surface. | The difficulty
experiemﬁed in the drainage of tight clay soils might be . due ‘more to the
high tension required to produce entry of air into the soil than to the

19w*hydraﬁlié'conduétivity of the soil.

Luthin, J. N. and Worstell, R. V., 1957, The falling water table in tile
_drainage; a laboratory study: -Soil .Sci. Soc. America Proc., v. 21,

no. 6, p. 580-584.

- Several writers have indicated that the equation to be solved in the
developmeént of a satisfactory drainage theory is the Richardéfequation

“de
.dt

= AT (Ro)

whe;e - A o
uj%%4‘ gé_;he.ratg of change of moisture content,
. K ig,the soil hydraulic conductivity,
¢ 4is the hydraulic head.
K is axfuncgiqn”oﬁ the moisture tension in the region above the water table.
All'thgighgo;iesmof the falling water table which had been developed pr;or'

to the writing of this paper had been based on a stmplification.of the'i _
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Richég&;rééﬁfpibh;;_ln this paper experimgn;al»da;a were presented and used
to check the validi;y.of thg simplifiéatiops.
An experimeétal ;ankﬂﬁ by 10 by 2 feet was used, Tile drains were

placed at a depth of 4% feet below the top at‘each,end‘and at the middle

of the tank. ‘The ank was filled with d;y Oso Flaco fine sand. Several
wetting and drainage cycles settled the sand. After settling, tensiometers
(Coors°;filter ng@}es 2622 porosity 5)_were‘1ns¢rted in the tank. A null-
type tensiéme;er‘for making rapid measurementvoﬁbthe hydraulie head was used.
The basic component waé avfiuc;uating éurgical diaphragm. One side of the
,diaphrééﬁ_yas in hydraulic contact with the tensiometer andathé other side
was inrgégfact with a compensating chamber. The air pressure in the compen-
sating~chamber._ The air preésure in the compensating chamber was controlled
by a relay which operated two solenoid valves. The position of the fluctuat-
ing'dgaphragm governed the energizing of the relay. When the.relay was not
Aenergized é vacuum 1ine Was»gpénvtp thg»compensating chamber and when the
relay was energized a pressure 11“?.W?$ open to‘the.compensating chamber,

Any change of éressurelon the tensiometer side of the diaphragm was automatically
compensated for by the same changé.of air pressure on the other side of the
diaphragm. The air presSure required to balance the diaphragm wés"indicated
by'a water column connected_té the compensating chamber., This device measured
the water pressures and tensioﬁs in the sand tank to within 1 centimetér of
water. Occasional calibration checks were made.

Tensiometric measurements were,made during the falling water-table

phase. Thé_time at which the ponded water disappearéd frbm the soil surface
was called time zero. Periodic readings were made‘df the rate of outflow
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fromvthe tile line and'of the.distribution of hydraulic head. The resultsn'
obtained:from each tensiometer.were.niotted as a function-of time and a
curne was fitted visually This curve was used to detérmine the hydrau-
lic head at a tensiometer at any time. Although the type of ten31ometer
used in this experiment wes falrly‘rapid in its operatlon (15 seconds per
reading), it was necéssary to repeat the experiment.six times to get the
desired numher of readings. All the measurements Qere made Withg°n1YiP?§““
tile Opened at one end of the tank This arrangement 31mu1ated a tile
.Spac1ng of 20 feet, a tile depth of approxlmately 4 feet, and an imper-
meable layer 1% feet below the tile .line.

Alfhough the results of thls study were not directly comparable to
other studies because .of the differences in geometry, the shape of the
,falllng water.table,as determlned 1n.these experlments,corresponded in
a rodgh.way w1th that determlned theoretlcally by Kirkham, Gaskell, and
dChllds The shapes of the experimental.water tables were similar to}the
theoretical shapes, but theArate of fall was not accurately predicted by
the theory. The results of this studyddemonstrated that the assumption
used in the theoretical deve10pments.of the falling table, that the soil‘
possesses a fixed-drainage pore space led to an incorrect solution. The
magnitude of the error would vary from soil to soil.denending on the
relationship between the soil-moisture. tension and the soil moisture.

The authorsbconcluded that a complete theory of the falling water table
must be based on a solution of Richards' equationt The capillary conduc-
tivity is a function of soil-moisture tension, and is continuouslyA
changing 1in the region above the water table as drainage

) 1.26’-({"“'}



takes place. Because the relationship between the capillary conductivity
and the moisture tension varies from soil to soil the shape of the water .
table is not 1ike1y to be independent of the soil hydraulic conductivity.

The region.above the water table constitutes an important part of the flow

region, However, the way in wh- h“flow occurs must vary from soil to soil.

oo ,( i
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Maloney, J. 0., 1956, Centrifugation: Indus. and Eng. Qﬁé&iécry; v. 48,

p. 482-485,

The rapid sdvadces in.the field of centrifugation were discussed
emphasizing,the use of.the centtifuge'in makihg tutbine fuels. The paper
contained a large bibliography.' . |

The euthor discussed severai oapers suhmitted at the meeting of the
American Institute of Civil Engineers in MarchJ1955. Among these‘was a
paperbby H. Ft Itving:discussing_the residual water coﬁtent obtained by the
centrifuge. He noted that the residual moisture in a cake of fised thickness

. gave: | | | | |
.:lﬁ';Q7 KAp
R ‘f’(c)0.492(t)0‘235“

where
M = residual moisture content,

crystal surface area per unit mass of crystals,

‘centrifugal force;
K'= constant,
i = viscosity of liquid,

t = drying-spin time;f'
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Marx, J. Wo, 1956, Detefminiﬁg gravity~-drainage characteristics on the

centrifuge: Jour. Petroleum Technology, v. 8, no. L, p. 88-91,

A method was given for predicting the complete gravity-drainage
characteristics of long columns from centrifuge drainage measuremenﬁs on
.oiﬁ&reconstituted core samples. OQil residuals corresponding to hundreds
of years of normal gravity depletion could be obtained in a few hours on
the centrifuge. Tﬁe gravity;flow rate at any stage of the depletion
process could be determined from the time correlation derived, and COuld-
be experimentally checked.

The laboratory prototype cclumn was constructed of a continuous
sandstone cylinder, 154 centimeters in length and about 5 centimeters in
diameter and its lateral surfaces entirely sealed in lucite tubing.
Centrifuge sample cores, cylinders about 3 centimeters in length and 2
centimeters in diameter, were cut from discarded end sections of the parent
column. The sandstone was initially oil and moisture free.

The large column was supported vertically by a special pinion rack,
which was mounted on a platform balance. When drainage measurements were
being made, the recelving vessel was supported by a bridge cut of contact
with the balance pan. During weighings the liquid level im the receiver
was lowered until it broke contact with the bottom of the column,

Temporary caps were sealed over the open ends of the column and the
system was evacvated to-a comstant ptes&ure of about & millimeters of
mercury for about 75 hours. While maintaining vacuum, about 6 pore volumes

of distilled water were drawn through, and the system was allowed to stand
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for 8 days under excess water. Then an additional pore volume of water
was passed through under gravity, ai&%ﬁ?by 1 or 2 inches of hydrpst;ti;
head. The water level was then lowered to the top of the saﬁd aﬁd tﬂé,
ra;io of the weight incremert of the waterssaturated'system to the dry
system was used to calculate the volume of occluded water.

Crude‘oil was then added to colummn until no noticeable water was -
displaced. Rewelghing showed that‘69 percent of effective pore space
was oil.

The oil in the small centrifuge éample coreé was then extracted and,
after oveﬁcdrying, the cores were resatprated under vacuum with distilled
water. The cores were then resaturated by centrifuging them at accelerations
of about 18,000 gravities while they were immersed in the sand-filteredlé~
crude oll, After centrifuging 50 minutes, an average oil saturation of
about 70 percent was obtained. |

In a graph, the author showed a gdod correlation of data between the
gravity drainage of the prototype column and centrifuge déta,plotted against
a relative time scaled from a newly developed equation.

In principle; the author concluded that the correspondence between
centrifuge prediction and actual gravity dtainage may be considered to be
neither more or less precise than the sampling technique itself. for each
small, reconstituted sample, at any given centrifuge acceleration, there
will be a corresponding ideal, gravity-drained prototype éolumn, and the
centrifuge dréinage of the samples can be used to predict gravity drainagé‘. 
of this ideal frototype. The question as to whether this ideal prototype
corresponds physically to some actual system of interest to the observer
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appears to be answered in the affirmétive 1f certain boundary conditions

are met, (M@dified from ‘author's abstract.)

Meinzer, 0. E., 1923, Methods of determining porosity in The occurrence of
" ground wate:;in the United Statég} U.5. Geol. Survey Water-Supply

Paper 489, p. 11-16.

Several methods have been used to determine the porosity of rocks
and soills. These methods‘differ in the amount of time they require and
in the accuracy of the results they produce. Some are adapted only for
testing.éoherent rocks; others only for testing incoherent materials; still
others can be used for either coherent or incoherent materials., The differ-
ent methods are interrelated in various ways but for convenience can be
designated as foilows:

(1) Measuring the quantity of water required to saturate a known
volume of the dry material;

(2) Comparing the volume of a sam@ie'with the aggregate volume of
its constituent grains; |

(3) Comparing the'specific gravity of a sémple wifh fhe weighted
average of the known specific grévities of its constituent,materialé;

I(4) Compariﬁg the sﬁecific gravity of a dry sample with that of a
saturéted sample of the same matefial;

(5) Obtaining the uniforﬁity coefficient and estimating the porosity
on the basis'of the observed relation between porosity and uniformity
coefficient; and |

6) Proﬁucihg a partial vacuum in é vessel that contains a dry
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samblg and observing the change.in,aittpressure when this vessel is
connected with another that contains air under atmospheric pressure, the o
volume of each vessel and of the sample being known.

" If ‘the specific gravity of water is taken as unity, the following

equations ‘express porosity, in percentage, according to the first four

methods. )
P = 100 ,(—X,L) - 100 (+V+V-—) = 100 (—s—gﬁ)u; 100 ( b-= a )
where "“ ‘
3 porosity (by volume),
1) '? _volume oflyater required to setutate'the_sample of tock -
or soil when it is dry, |
V = volume of the sample,
v = aggregate volume of the‘solid particles thet constitnte .
the sample,
a = specific gravity of the dry sample, .
:h vspecific gtaVLty of the saturated sample,

The volume (V) of the sample should be determined at the time the
sample is taken.A It can also be measutedcin.thevlaboretory directly or
with any calibrated vessel The volume of coherent rock (V) can be
obtained by coating the sample with paraffin and then weighing it in air
and in water. Its loss of weight in water is the weight of the volume of
water it'displaced. The aggregate volume of solid particles that comprise
the sampigé(v) can be determined by measuring or weighing the:quantity of
water that they displace. The weighted average of specific gravities of

minerals (S) can be determined by ascertaining the proportions in which
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R , oo . ; . : » ) .
the different minerals occur in the sample or by determining the amount

of water displaced by a weighed quantity of the solid particles that con-

4

stitute the sample.' The spec1f1c grav1ty of a dry sample of 1ncoherent

matetieiv(e) can be obtained by weighing a measured volume of the material
and dividing the weight by the weig 1t of an equal volume of wetet. The
specific gravity of a saturatedfsample (b) is equal to the weight of the
saturated sampie divided by the weight of an equal volume of water.

A rough estimate of the open space in incoherent material can be
made from the uniformity coefficient es‘éoggested by Hazen. Sharp-grained
materials having un 1formity coefficients below 2 have nearly 45-percent
open space and sands havingicoefficiehts belowe3 have 40-percent open space.
With more mixed materiais the closeﬁess of the packing increases until,
witﬁja.onifothity coefficient of 6 to 8, only 30 percent of the open space
is obtained.

In the sixth method (suggested by Washburn and Bunting and using a
glass porosimeter) of determining porOSity, air or some other gas is used
to fill the interstices and the volume of the interstitial space is deter-
mined by,obsenvingichanges-in;the gas pressure.

Its great advantage over water saturation methods is the more ‘accurate
results it gives,espe01ally for materials that have small and poorly con-
nected 1nterst1ces. This is due to the perfect expansibility and low
viscosity of gases. The essentlal features of this method are:

An alr-tight vessel (B) is co;“ected by a capillary tube to another
air- tight vessel (A), a stopcock is 1nstalled on each vessel and in the
tube that connects the two Vessels, a:mavometer is connected to vessel (A);

a known volume of dry sample is placed in the latter vessel, most of the air




removed by pumping, and the remaining air observed' the air in the'other’

"

vessel (B) is 4t the atmospheric preSSure, the stopcock in the connecting

tube is then opened and the resulting pressure is observed After each

operation the apparatus mmst be allowed to come to temperature equilibrium

The porosity can then be determined by the equation,

(Py - Py)'V
loo[ 1 3 1

porosity, in percentege by volume,

initial pressure in vessel B,

atmogﬁh

ST

‘lc pressure,

initial pressure in-vessel‘A,

pressure in both.vesselstafter stopcock between
them,has‘been openee, | | o
volume of vessel B,

volume of ressel A,

volume of sample.

Meinzer, 0. E., 1932,'Out11ne of methods. for estimating ground water

supplies: U.S. Geol. Survey Water-Supply Paper 638c.

The author discussed, among other subjects, storage methods and

specific yield in relation to storage methods. He indicated seven methods

which had been used to determine specific yield:

(1) - Saturating samples in the'laboratory and. allowing them to drain.

(2) 'Saturating in the field a considerable body of material situated




above the water table aﬁd caplllary fringe and allowing it to drain
naturally.

(3) - Collecting samples immediately above the capillary fringe after
the water table has declined.

(4) Ascertaining the volume of sediments drained by heavy pumping,
a record being%kept of the quantity of water that is pumped.

(5) Determining the volume of sediments saturated by a measured
amount of seepage from .one or more streams.

(6) Making an indirect determination in the laboratory by the-
application of centrifugal force to small samples.

(7) Making mechanical analyses and determinations of porosity and
estimating from them the specific retention and specific yield.

The use of these methods by different workers was .discussed briefly.

Messer; E. S., 19§i, Interstitial water determination by an evaporation
metﬁéd:. Am;.Inst. Mining Metall. Petroleum Engineers Trans.,

#. £92, p. 269-274,

This paper described a method of determining the magnitude of the
irmeducibie'intefsﬁitial water in a porous medium whereby a saturant in
the pore spéce of a core was ;ilowed to evaporate to an irreducible volume.

The eiperimeﬁtal procedure.congisteq first of saturating a core with
water or an appropriate organic liquid that did not leave a residue when
evaporated. Then the saturated sample was placed on a balance in an air
stream and welght readings were taken at equal intervals until the rate of

evaporation became approximately constant. By converting to fluid volume
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retained, irreducible volume was determined either graphically-or by a
mathamatical comparison. of fluid flows.

The -author coﬁcluded,that the evaporation method satisfied the basic
fequirements of a production procedure by its>simplicity in technique and
calculation%'aﬁd by its reproducible resglts obtained in a short interval
of time. Tﬁe comparison of results or irreducible watef‘obtained by the.
capillary pressure method and this method for 110 samples showed a difference
of {fl percent. This method has the advantage that the irreducible saturation
can also be determined for samples of varying sizes and shapes, even for
core chips.,

. When highly volatile fluids were used as saturants, a volume factor
based on ﬁhe relative volumé of the liquids adsorbed on grain surfaces énd'
retained in pores was calculated.

A theoretical discussion of the calculation of capillary pressure
from fhe evapofaéionvcurve was made. The.author concluded thaﬁ fﬁrther
experimentation was needed before a method could be developed ﬁo allow the

determination of a capillary pressure curve from evaporation data.

Middleﬁon, H. E,; 1920, The moisture equivalent in relation to the

mechanical analysis of soils: Soil Sci., v. 9, p. 156-167.

The object .of this investigation was to determine whether or not the
moisture equivalent could be used to assist in the classification of soils
and to detefmine if any relationship existed between the moisture equivalent

and the mechanical analysis.
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A total of 172 determinations of moisture equivalent and mechanical
analysis were made on samples from different states. The determinations
were divided into classes based on mechanical analysis. The mean values
of moisture equivalent obtained for each class, with the notable exception;‘
of silt loam, showed a gradual increase from the coarser-textured classes
to the finer-textured classes. The minimum and maximum values for each .
class varied considerably and overlapped with values for other siasses°
From these results the author considered it impossible to-relate with any
agreement Eﬁé:moistdre equivalent to classes of the currently used soil
classificati;ﬂ.

Briggs and Shantz had earlier derived the following formula for
calculating the moisture equivalent from the mechanical analysis:

Moisture equivalent = 0,02 sana + 0.22 silt + 1.05 clay.

This formula was applied to several of the samples and found to give
results which weré‘tbnsiderably higher than tﬁe observed values. This was
probably;due'tb the high coefficient used for clay. An analysis of the
data in this study!géve the folléwing equation:

Molsture equivalent = 0,063 sand + 0.291 silt + 0.426 clay.

The‘determinatiOn; were then divided into three groups and an equation
was derived for each group:

Group A soils cOntaining less than 20 percent silt and clay,

Moisture equivalent = 0.02 sand + 0.40 silt + 0,53 clay;

Group B soils §0ntaining ZOIL 50 percent silt and clay,

Moisture equivalent = 0,02 sand + 0.35 silt + 0.63 clay;



. Group C soils containing more fhan 50=percent silt and clay, ..

Moisture equivalent = 0.11 sand + 0.27 silt + 0.40 clay.

Gfoups B and C were further subdivided into textural classes and an.
equation derived for each class. : ' C

These .formulae were tested by taking 34 samples at random and com-
paring the moisture equivalent with the calculated moisture equivalent.
The probable error of a single determination varied from ¥5.44 to 15.65
depending on the formula used.

A study of the effect of organic matter upon the moiséure equivalent

indicated that the organic matter has practically the same effect as clay.

Miller, R. D., 1951, A technique for measuring soil-moisture tensions in

rapidly changing éysﬁemé: Soil Sci., v. 72, p; 291-301.

The usefulness of the conventional tensiometer in rapidly changing
systems.is impaired because an appreciable quanti;y of water must enter or
leave the tensiometer as it responds to a change in the external -tension.
This transfer not only causes lag but influences the. soil-moisture content.

A new form of tensiometer, which makes it possible to eliminate lag
and to lessen materially the amount of water transferred, has been devel-
oped. By using a manually controlled water manometer and a sensitive-null *
indicator; the operator was able to recognize the correct manometer setting.
The accuracy of this null method was considered adequate for most purposes,
but further improvément in the quality of tensiometric measurements in

rapidly changing systems could be accémplished by a dynamic method of

measurement with similar apparatus.
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Miller, W. M., 1953, A pressure distribution panel for soil-moisture

1nvéstiga£ipﬁsi Agr. Eng., v. 34, p. 104-106.

.__A»prgssprg;Qistribution panel.was.éescribed whereby.a>group‘of
presspre«membrane apparatus, or other equipment requiring the mgintaipance
of a supply of.aip at constant pressure, may be independently connected or
disconnected from ‘any 1 of 4 preésure regulators, regérdless of the simul- :
taneous”use_of';hem by other apparatus and without disconnecting any

fittings.-"
v. 12, no. 6, p.. 383-426.

The introduction of the potential functionbgave rise to the .dynamic
@gthod ip ;hetstpdy'of.ﬁﬁsatqrated flow. This papef reported pressure
potentialiand sa;utated and‘unsaturated permeability-data obtained under‘
laboratory quditiongl |

Six California soils, ranging in'texture from sand to clay, were
packed grgdpalbrinpo metal cylinders 8 inchesiin-diame;er and43 to 4 feet
in length, By rotating a Tremie tube. The soils were supported in the
columns by yi;e«sc;een~ﬁiaphrams soldered 2 inches above‘the column bases,
and.a water inlet one-quarter inch in diameter was inserted 1 inch above
the.basesf Four rows of holes five-eights inch in diameter were punched
through the metal cylinder to give one hole for each inch of c&linder
height. These were closed with patches of celluloid. Water flowed upward

through the .columns under positive hydrostatic pressures in the saturated
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zone and under negative hydgostgt;c presggrgs;%ot by{cgpil}grity, f;om'ghe_ | b
water table to the surface of the columns where it was rempvgd;by evaporation,
Tensiometers consisting of porous fired-clay elements connectéd to vacuum

: géuges of the manometer type were mounted in the s6il columns at intervals

of lQ'beﬁtimeters. When the rate of water uptake and éréssuiéjﬁﬁténtialv

throughout the so6il column became steady, the soil was s#mpléd“fof>ﬁoiéture
céﬁtéﬁt.

The columns were then drained, maintaining an air-water interface at
their bases. During drainage thé_change in pressure potential with time
was recorded.

The relation between pressure potential and,mqisture content was
presented graphically. Hysteresis was found for all séils, according to
whether they were in a wetting or drying cycle. The pressure potential also
depended uﬁon the range through which the soil had dried.  In an unsaturated
soil at constant moisture content, the pressure pbtentiallwas fbuna to
increase with increasing temperature and the amount of water held in the
soil at a given pressure potentialﬂdec;eaSedfwith increasing température.

The rate of water uptake from a high water table“éhanged‘mafkedly'during o
periods of temperature change.

" The pressure potential of the water films in the soil was a measure

g

of the curvature of the films and an index of the degree to which the soil
was saturated.,. The reélation of soil permeability, K, fo‘presSure potential
was studied and curves were developed. Permeability was a maximﬁﬁ‘at'or

near saturation and decreased rapidly with decreasing moisture content to

approximately the moisture equivalent, at which moisture content the
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permeability was very low. From this poinf permeability remained constant

or decreased only slightly with further decreases in moisture content.
dK
dy

potential). The moisture content where

Here = 0 (approximately) (where K = perméability and = pressufe'

ay - 0 was also approximately

that of the wetted front generated as the water advanced upward through

the'dry soil above the water table. These two criteria, the moisture
dK
dy

were interpreted as the moisture content at which the moisture films in the

content at which = 0 and the moisture content of the wetting front,’

soil Became discontinudus and at which the capillary permeability of the
soil was zero. ’

" Knowledge of theivariation of permeability with texture, espécially ‘
ché: pressure potential at which capillgry permeability was approximately
zero, was considered fundamental to the relative ratésAand maximum height
of capillary rise, to field &apacity in stratified and nonstratifigd soils,
and to single-vaiued‘"constants" such as moisture equivalent, the field
capacity, and the norma1~moisture=holding capacity. These experimenté in-
dicated that the pressure potential of soil nwistdre_at these constants
changed with the texture of\the‘éoil. The consﬁants were at the approximate

pressure potential on curves of K = £(y) at which the moisture films in the

soil became discontinuous and the capillary permeability became zero.

Moore, R. E., 1941, The relation cof soil temperature to soil moisture,
pressure potential, retention, and infiltration rate: Soil Sci.

Soc. America Proc., 1940, v. 5, p. €1-64,
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Experiments have demonstratéd that temperaturechag”ggnsige;qble
influence on such soil-moisture properties_aslpressugeipqtenpiglzjgggepg}on,
and infiltration rate. .The relation of-temperaturerto,;hg:reteqtionfénd, .
distribution of water in soils aftgr'irrigationkwas investigated by g¥riga;f
each inch of depth. The soils were irrigéted in a constant,tgmperature;bath
with sufficient water being added to wet them to a depth of about 14 inches.,
In general, the amount of water retained decreased with increasing tempera-
ture, There was approximately 18 perceﬁt more water retained. at lo?cwthan
at 45°C. A second maximum of retention occurred in the temperature range

of 20 to 25°C.

Mortland, M. M.'1954; Specific surface and its relationships to some
physical and chemical properties of soil: SbilSCi.;Av: 78;H

p. 343-347.

The relationships between certain physical and chemical properties
and the specific surfaces of soils were studiédo The purpose was to
determine whether measuremenés of séécific sﬁrface would be a usefdl index
to these properties and whether the measurements were more. closely related
to total, external, or internal specific surface. Specific surface, detgrmined
by the ethylénesglycol retention method, was found to be very ¢losely related
to cation-exchange capacity, percentagé of 2p clay, and moistﬁre retention;
Total specific surface was morevclosely related to Catioﬁ~¢§hhange'ca§acity
thaﬁ was 21 clay content. From 24 soil‘samples“studied;‘a'fairly close
es;imation of cation-exchange capacity could be made fF?m a total surféce
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area measurement. The £e§e£§e was also possible. For theee samplee the
mean area per exchange position wW&s aboﬁt S5 A2 (Angstrom.units). The
separation of internal and external surface provided aﬁ insight into the
locale-ofOttysieai;andﬂchemicai reactions of soil-particle serfeees; The
stﬁdy‘rndicated that soii specific surface‘as determined by ethylene-glyeol
retention was a valuable index to some.chemical and bhysical properties of

soil.

Philip, J. R., and DeVries, D. A., 1947, Moisture movement in porous mate=-
rials under temperature gradients: Am. Geophys. Union Trans., v. 38,

no. 2, p. 222-232.

‘A theory‘ef moisture moﬁement in poreus materials under temperature
gradients wes devei0ped which recenciled a growing body of e#periﬁental
1nformat10n 1nc1ud1ng the large value of the apparent vapor transfer, the
effect of moisture eontent on net moisture transfer, and the transfer of
latent heat by distillatioﬁ.

. The simple théory of water ~vapor diffusion in poroue media under
temperature gradlents neglected the interaction of wapor, llquld, and solid
phases, and the d1fference between average temperature gradlent in the air-
filled pores end in the soil. By considerin g these factors, an approx1mate
analysxs was deve10ped which predlcted orders of magnitude and general
behavior in satlsfactory agreement with the ex perlmental facts.

An important implication of tﬁis approach was that appropriate ex-

perimental methods have not distinguished between liquid and vapor transfer



because series-parallel flow through liquid "islands' located in a vapor
continuun has been confused with vapor transfer. R |
Equations describing moisture and heat transfer.in porous materialsAr
under combined moisture and tempurature gradients were . developed Four.“
timehrmoisture=dependent diffusivities were discussed briefly..v(Modified

from author 's abstract.)

Pinckney, R. M., and Alway, F. J., 1939, Reliability of the proposed
suction method of determiningvthe moisture equivalent of soils:

Soil. Sei., v. 48, p. 403-411.

To compare moisture equivalent as obtained by the Bouyoucos suction
method with the moisture equivalent as determined with the Briggs-McLane
centrifuge, 113 Minnesota solls were used. These soils>conteined from
0.001- #o 2.03-percent nitrogen and ranged in pH fromi4:f.to % iﬁ: The
centrifuge moisture'equivalents ranged from 1.5 to 90.6. Although the'
relationships found were in general agreement with those reported by ,,u
Bouyoucos, they did not fully support his conclusions as to the reliehility

and general desirability of the method. With loams and soils of‘finefwtéﬂ,g”

FEIES
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texture, the suction moisture equivalent of the individual soils ranged from
‘practically equal to one-third higher than the centrifuge moisture equivalent
and averaged about one-tenth higherq ‘With sands of the coarsest texture

the suction moisture equivalent was at least twice as high, and with 1nter-
mediate soils it varied widely but in general was between the coarse end

the fine values. Duplicate determinations by the suction.methodhwere found

to bemuch less concordant than those with the centrifuge. The authors
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concluded that the use of the suction method was only desirabie where a
moisture-equivalent centrifuge was not available, and that the values so
obtained should be referred to by some other desigration than moisture

equivalent.

Piper, A. M., 1933, Notes on the relation between the moisture equivalent
and the specific retention of waternbearing,matefials: Am. Geophys.

.Union Trans., v. 14, p. 481-487.

The centfifuge moiéture‘equivalent and specific retention have been
widely used as quasiphysical constants to measure the power of a water-
beérihé mAtéfial or a soil to retain water against gravitative force. Th%s
papef was a preliminary statement of the apparent relatfion between these
two ﬁeasﬁrés of retentive power and was based on a study of alluvial iz
matéfialg madé'in connection wifh an investigation by the U.S. éeological
Sufvey'info thzséround-water resources of the Mokelumne area, céntral
Califorﬁia. |

ﬁThé féllowing‘procedure was ueed to obtain specific retention for
thisvpaper: Each of 16 samples were taken by driving vertically for a
diéééﬂcebof‘ié inches into the material exposed in a dug pit a steel
cyiiﬁdefi6 iﬁchés in diémeter by 15 inches in length. The material
surrouﬁd}ng the cylinders was saved, Of the 16 pairs of undisturbed
samples, 13 were‘takén from 1 pit, thus giving 2 columns of material
from the grouﬁd_surface to 13 feet; the remaining 3 weﬁe taken from separate
pité? The samples were then placed in an earth-covered observation pit dug
in the sandy subsoil at Lodi, Calif. There on benches in the wall of the
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pit, bottomless wooden bins 6 inches deep were constructed and filied with
vadditional portions of the 16 samples properly compacted On each bin B |
so- filled was placed the corresponding pair of cylmnders screened at the 4..
bottom with 14~mesh copper screencloth, The atmosphere of the pit was

kept approximateiy saturated. To the top of each sample was then added weter
equivalent to ébout 25 percent of_its'rokume. Each semple ﬁasvaIIOWed‘to :
drain about 10 da§s and then wetted egain by placing the cylinder in a
shallow pan of weter and allowing it to saturate from,the bottom for 24

to 96 hours., After the sample would no longer absorb water, it was

returnéd on its bin and allowed to drain, the top of the cylinder belng ‘

sealed With wax. paper pierced by only one perforation° The rate at which

the sample drained was determined by weighing perlo ically over a 96-day
period. The moisture contents of 3 axial sub-semples (from‘l'cylinder of |
each pair,taken from the top, middle, and botton thirds.of‘e sénpling tube
0.9 inch in diameter) were then determined along with the moisture content
of the gross sample. Subsequently, the moisture equlvalent was obtained
on the oven~dried sub-samples and the gross sample._ The moisture content
of the gross samples of the 16 samples exceeded the moisture content.of
the corresponding 3 sub-samples taken from the cylinders,'pOSSLbly due to
unequal distribution of the water throughout the undisturbed samples. The
.remaining set of the initial pairs of samples was allowed[to drein for:
approximately 1 year. Mbisture~contents and moisture equivslents were.
determined:as before. Incomplete data suggested that, after drainage for »
1 year, the retadned moisture Was‘much more uniformly‘distributedAbut the
moisture content of the whole sample‘differed but little from that‘of the
axial sub-samples taken after 96 days_of drainage.



The ‘experimental conditions maintained in the investigation at Lodi"
'have"satisfiéd“rathéf‘effectiﬁely the.theofetioal requirements for a |
determination of the specific retention. Tﬁe‘specific retention of'thejg

. 5
alluvial materials studied.was;measuredﬂopproximately by thé.moiétureﬁ? g

content of thevsﬁb-samples*from_the axis of the cylinders after 96 days

of drainage.

Piper, A. M., Gale, H. S., Thomas, H: E., and Robinson, T. Wo, 1939,
Geology and ground-water hydrology of the Mokelumne area,

California: U S. Geol Survey. Water=Supp1y Paper 780, p. 101 122

“ Two méthods used to determine the specific yield of materials within
the zone.of waterétdblé»fluotuations.were: (1) volumetric method--measuring
the volumie of material saturated and unwatered when measured volumes of wafer
were added'or'witﬁdrawﬁ from columns of undisturbed soil; and (2) drainage
methodé-dréining‘Uhﬂisturbed Samples'for‘periods‘as loog as 390 days and
determining the difference between the porosity and resultant specificégoj
retention. - |

“~ The volumetric method utilized was first described in detail by
Stearns and others in 1930, The éuthors used the same tests but made a
number of modifications. Forty-two-inch or longer cylinders were'recommended
to accomodate the capillary fringe. The sample cylinders were confined be-
tween a“top -and bOtﬁom plate bolted together with tie rods. The cylinders
were then inverted, fhe~base plate .:removed, and the end of the sample allowed
to 'dty. ' The base plate could thoreby be soldered firmly in place and leaks
thus prevented, The cylinders were then inverted to their mofmal-position
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for the rest of the:test. Becauqegof.the_effect$,ofltg@pgpatgggﬁ;twwas
necessary to move the cylinders from‘thezsampling,Qitesitofa;cggggegxandA.
insulated o5;érvation pit where the temperature range. could be maintained
within ZOF.ﬁéﬁh:dayy@rz30bf$ﬁgr'tﬁe year, Temperatures.were measured by. :
thermometers lowered into an Qbservation well in.each cylinder.or by a. - .-
water-tank thermométer tapped through the wall of the cylinder. Evaporation
from the cylinders was minimized by a top seal of tar paper and taf perforated
with seveal'émali holes so aif could ﬁové in aﬁaiogt:és %atef.wa$?;ddediof
withdrawﬁ; On subsequent Cylinders'oﬁly éné l%ifnch holevéés gored”igweach
cylinder for.installation of én observation well. fhiéAﬁeli ﬁ;g péfforated
only in the lowermost 6 inches. Depths to water were measured in;the obser-
-vation well by meansAéf a miro-hydro-gage,égaéﬁzlectrical.devicenfqr measur_'
ing depths to a thousandth of a foot. Insgeaa of the second observation
well used formerly, a plumber's water-gage fitting:was installed near.the
bottom of the cylinders. A layer of screened sand wéé suggestqg;for the
bottom of each cylinder to speed the eq;ilibrium condition of é;#ew water
table, especially in fine-grained materiéls. In these tests, no less. than
21 days was allowed for a new water level to attain equilibrium, some tests
being continued for as long as 220 days.. e R
In the volumetric method the water levels were influenced- by both
temperature and barometric pressure. Rising temperature caused the water
level to rise, but increasing barometric pressure caused the water level -
to fall. The observed water levels were adjusted to 60°F by temperaturé,
coefficients derived from the plotting of water levels against temperatures

for observations made when the. barometric pressure was within the range.

147



29.9 = 0 04 inches of mercury. Some temperature coeffioients rangéd from
0,002 to 0 008 foot for each degree Fahrerheit, After the temperature
coefficients-were.determined, it was then posulb;e to adjust all water
levels to the standard of 30 inches of mercury barometric pressore. The
longerntetmt(ZZO days) equilibrium periods increased the specific yield only
by 1 and 3 percent of the results derived. from the shorter-term equilibrium
periods. For fine materlals, specific yield by saturation was about 3. times
as large as that obtained by unwatering.. If the columnsvwere too short to.
'contain all of~§pe capillary fringe, specific yield tended to be too sm@ll

In another paper, Piper (1933) described the drainage method in .detail.
Duplicate 6- inch ﬂiameter by 1l2-inch-long cylinders of undisturbed material
were saturated and allowed to drain on benches of material of the same type
in an insulated pit One set of samples was drained for 96 to 111 days and
the second set was drained foti§§2 to 390 daysn At the end of the drainage
period the specific ‘retention of each sample was obtained by determiming |
the retained.moisture content. Moisture equivalent tests were made on_the
same samples_ahd a graph was pteparedvrelating the moisture equivalent to
tﬁe speeific retention.

The.longer-termvdrainage tests showed that the Quantity of retainedv
water‘deoreased steadily with time though at a diminishing_rate. The
retention at the end of thevlong period tests tanged between 61 and 97 percent
of the respective qdantities retained after the shorter drainage period.

In general the greater additional.draimage came from the coarser-grained
samples, A graph showed the relation between the specific yieﬂd (drainage

method) and the mean size of sample paftiolek
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The percentage increase in spe01fic yield derived from the longer-
tern.drainage was greater than the increase in 1ong-term tests by the
volumetric method. The voclumetric method tended to‘yield results thet uete
too small whethet the test was by unwatering or by saturation.‘ AQé};ge: |
values of specific yield for the two test methods were: gravel“end coarse4
sand, 34.8 percent; medium and fine sand, 24.2 percent; and very fine sand,
silt, snd‘clay, 4.2 percent. These values were correlated‘uith drillets-

records of wells and the data were used to determine the specific yield

of two zones of water-level fluctuation.

Prescott, J. A., and Poole, H. G., 1934, The relationships between sticky
point, moisture equivalent, and~mechanical-analysisfin»SOme

Australian soilse Jour. Agr. Sci., v. 24, ps 1-14.,

The internrelationships between sticky point (that moisture content>‘
at which a soil no longer sticks to a foreign obJect), mechanical analysis,
and moisture equivalent were investigated The technique for the determination
of the moisture equivalent included the uselof 30 grams of soil centrifuged
at l,OOO times the force of gravity for a 30-minute period. Some soil samples
did not teach equilibrium at the end of.the centrifuge oeriod. This was |
indicated‘by either free water on the surface of the samnle or.by the upper
layers of sample being wetter and softer to the touch than the lower layers.
For‘those soils that were of particular interest, a dilution method was
employed. By mixing the soil with a specified percentage of sand,‘results
were obtained which could be readily extrapolated to obtsin a.teasonable
approximationlof the moisture'equivalent. | |
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In generai, thé values for sticky point were not found to.ﬁé ciosely
related toMinsture equivalent. Aithough the moisturéuequivalent vaiues
for normal calcium-hydrogen clays were probably very close to thé stiéky
'points, the organic matter appeared to contribcﬁe more ébrfhe sticky point
théﬁ\to:the'moisture equivalent. Resulté 6f this study indicated that an
excelient multiple correlation between silt, clay, and organic matter and
the moisture equivalent was likely to be found if the statistical exami~-
nation was restricted to closely related groups of soils.

Variation in dry content affected moisture-equivalent results more
than variation in organic matter. Discrepancies between observed and cal-
culated values generally could be related to the clay fraction. Moisture-
equivalent values were high for soils with appreciable quantities of ex-
changeable sodium. The authors suggested that a standard technique might
be developed in which soils high in exchangeable sodium could be treated
with éalcium-chloride ébiution and subsequently washed priof to the mois-

ture~equivalent determination.

Purcell, W. R., 1949, Capillary pressures-=-their measurement using mercury
and the calculation of permeability therefrom: Am. Inst. Mining

Meta11h~Petroléum,Engineers Trans., v. 186, p.'39~48;

A method and procedure for determining capillary-pressure curves for
porous media was discussed in which mercur§ was forced under pressure into
the evacuated pores of the solids.

The essential compoﬁénts of the mercury injection apparatus were a
mercury displacement pump, a sample holder, and a manifold system wherein
the gas pressure could be controlled fromlhigh vacuum to 2,000 pounds per
square inch. Saturation equilibriums were established rapidly over.this
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range so that an entire saturatlon capillary-pressure curve was determined
in 30 to»60 mlhuteso Temperature fluctuations over this period wereAeonsidered
unimoortant | o ‘ o

The pressureevolume relationships uere reaeonabl&”simiiar towoapliiary-
pressure curves determined by the generally accepted porous diaphragm method
| However, the advantages of.thls method_were.the rapid;ty with'wh}ch the
experimental data were obtained and their application to:analyaie‘of_dril1
cuttings and cores. , |

. The. author showed in graph form the relatively close relationship be ?é
between_mercury~capillary~pressure,curves and water and air curves.. He,_kﬂ
also deriVedban equation which indicated theoretically the relationship -
betWeen-the”permeability'of a porous medium and its“capillary-pressure;

curves andfsbowed,experimehtally how the equation applied.

Rapoport, L. A., and Leas, W. J., 1951, Relative permeabilrty to liquid in
1iquid=gas systems: Am. Inst. Mining Metall. Engineers Trans.,

v. 192, p. 83-98.

The hurpoeé of this paper was to demonstrate. the geuerai;validity and
‘¢omparative simplicity of an experimental method to méasure relative
permeability of cores to liquid under conditions of parallel flow and ﬁo
relate the method to a_theoretical analysis. Capillary equilibrium was .
maintained between the liquid and gas throughout the entire-corefspecimen.
In the method presented,'capillary'preSSure between the two phases was
established in'a reiativempermeability cell by means of SeMipermeabie
barriers and was controlled hylpressure oIaced on the'gas. ‘The elimination



of "end-effecfs"-was:obtained by cementing permeable barriers to the end
of the éore sample.

The procedure‘consisted first of completely saturating the sample,
then completely forcing liquid from the cell through end plates by gas, aﬁd
~ finally again flbwinglliquidjthrough the system with.the gas held back by
the barriers. When steady-state conditions were reached, the pressure drop
in the liquid over the length of core and the rate of fiow were determined.
The effective? apd.cohsequently, the relative permeability were then obtained
and plotted against the correspéndimg saturation. |

Close agreement was found between measured and calculated relative-
permeability 'data° In addition, a procedure for calculafing limiting
relative permeability fromTcapiliafyupressure‘data was established and the
possibility of applying the calculated curves to comnateaﬁater saturations
was indicated. ‘The use of liquid Cuives df'limiting rélative perméability '

Ao .

to calculated from capillary-pressure data was suggested for general ¢hiri’

engineering purposes. Their use for reservoir studies was particularly
recommended in conjunction with the method for measuring relative permeability
to gas which simultaneously yielded the capillary-pressure data necessary'

for the calculations:
Richards, L. A., 1931, Capillary conduction of liquids through porous
mediums: Physics, iﬁ 1, p. 318-333.

" This paper derived a general theory of capillary flow in.tgrms of
known or measurable functions. ‘A brief discussion of the author's theory

is given in the following:



:. The forces acting in.tbe‘boqndaryasurfaces,oﬁtliquids-dipggtiy,gagsé.,
all capillary phenomena .and have their origin in the cohesivgyandggghegiygi_
attractions .which are exerted between molecules. ;Capillary;gqsigg.ggcurs
commonly when one surface_@f a liquid is in contact with air..-It.is.more.. .
convenient to express the physical propertiesrof;this,aircliquidasgrface,-;;
in terms of surface temsion.. Because of the inequality between cohesive
and‘adhésive forces at a liquid-solid. interface, these.surfaces:also have
a:free energy which is important in deterﬁiniﬁg the capillary behavior of , -
liquids. Because of their effect on the angle of contact, adhesive.forces
are directly involvéd in an initial wetting process such as the.spreading
of a liquid in a dry porous medium, but after the medium is wetted, adhesive
forces are no_lénger effective in producing a motion. of the-LiquiQ'and.
influence capillary action only in proportion to the ﬁorce'with,whlch they. . .
hold a thin film firmly in contact with the solid surface.: The:liquid lying
outside the adsorbed films is free. to move under the abtiog.qf unbalanced
forces. Capillary.flow may bevdistinguished from other kinds-of liquid. flow
only because of the relation of surface_tensionfand,gurvatﬁre to the pressufe
and to the effective .cross-sectional area of the liquid transmitting. region.
If there is a steady flow of liquid through a porods medium which-is only ...
partially saturated, them the larger pore spaces contain air and the effective
cross=séctiona1'é¥eavof éhe watér comductingtregién'is r;&;céd; If'théée
air spaces could in some way be filled with ;olid, fﬁéiééﬁaitiéﬁ 6faihe
flow would be unchanged and the proportionality between the flow.and the
watér=moving_fofce woﬁld still hold because Darcy's law is independent of

‘the size of particles or state of packing. Hence, the essential difference-




between flowathrough a'poroﬁs ﬁediuﬁ which is saturated and flow'through a
medium which is unsaturated is that in the latter the pressdre'is determined
by capiliéry forces and the conductivity dépeﬁds on the ﬁbisture’CSﬁtent

of the medium., The motion of liquids fhrough unsaturated poroué mediums

is reférred to as capillary’flow and K here is.called capiliéry.ébﬁductiVity.

The author then developed a flow equation using the following termsi

K = capiflary éondubtiVity in cubic centimeters of water crossiﬁg
1 sdﬁare centimeter perpendicular to the flow>in l'seéond.when:
there is a Qater-moving force of l.dyné per gram; |

Vo= capillary'potenfial (pressure forces determined by éurface
‘tensioﬁ and curvature of air-liquid interface) expressed in

ergs per gram,

‘PS = weight of dry medium in unit volume,

A = rate offghange.of the moisture content with respect to the
,‘capillary potential (capillér& capacity),

g = gravity,

q = volume‘of'wéter crossing unit area perpendicﬁlar to the flow.

A discussion of this equation is taken directly from the author's
abstract as followst |
LThe'flbw 6f liﬁuids in unsatﬁrated porous media follow§ therrdinary
laws of hydrod&naﬁics; the motién being produced by gravity and the pressure-
gradient force aéting in the liquid. By making use of Darcy's.law, that
flow 1is bfopdrtional t9'the forces prodﬁcing flow, the equation. |
KA2¢+'AK=4w+g‘—il-<—=-pA—giL—

dz s
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%m@&@be;derived for the capiilary conduction of liquids in porous media,_ﬁ

experimentally to determine the capillary potentﬁal

_;capillary conductivity K,.Whieh iﬁ;defined:bxythe.flomj,
equation of /q. = K(g - AY), and the capillary capacity A, ,w,hicﬁ 1s :t,he:
_rate,of,éhange;of'liquid;tontent of the medium with respect to Yy, These
variables.are analogous, respeetively,wto_the temperature,1therma1 con;
ductivity, and thermal capacity 1n the case of heat flow. Data»are presented
and application of the equations is made for the capillary conduction of
water through soil and clay but the mathematical formulations and the
experimentai methods developed may be used to express capillary flow for

~ other iiquids and media. The possible existance of a hysteresis effect
between the. dapillary potentlal and moisture content of a porous medium

is considered.

Richards, L. A,y 1948

,,Eorous plate apparatus for measuring moisture

retention and transmission by soil" ‘Sofl" Sci., v. 66,,p, 106-110,

_&n improved method for mounting and using porous Piat,eé f.ox measuring
‘the relationfbetweenpsoilwmoisture tension and the moisture content of soils
was discussed;and two pressure=controi systems,la water tower gor pressures
from 0 to iQO centimeters of_matery and a mercury tower’for,pressures.from
100 to 1,000 centimeters of water, were used in_eonnection‘with.the porous
Aplates'describedi

The?porous_plates}were arranged_for installation in_a conventional

.domestic pressure“cooker so thativarious‘soilfmoisture equilibria in the

one atmosphere rangeAcould he attained by application of air pressure to




a cﬁamber containing the plates. The porous-plate mounting was equally

suitable for connection to vacuum pressure.. The soll samples, usually contained
in metal rings, were spaced on the porous plate. Free water was maintained

on the plate surface until the soils were thoroughly wetted. The plate :

assembly with soil was then transferred to the pressure cooker.

Richards, L. A., 1949, Methods of measuring soil-moisture temsion: Soil

Sci.;, v. 68, p. 95-109.

The author déséribéd the soil=moisture_teﬁSiometEr, a coﬁbination of

a porous cup and a vacuum gauge, which can be used for meéSuring soil-moisture

tension values up to about 0,85 atmosphere. Numerous papers dealing with

the development and construction of tensiometers and reporting the experience

of various workers with tensiometers under field conditions were listed.

References were also cited which relate to the use of porous-clay and cellulose-

membrane apparatus for measuring the uptake and reléaseﬂof moisture by soils
fx%at;vaﬁidusAmoistu}é-tension values. Typical moiéture?retention curves for

many soils were given.at soil-moisture tensions up to 100 atmospheres.

MetﬂodS'for making moisture-retention measurements at known soil-moisture

tension were reviewed, and the relation of such measurements to the field-

molsture properties of soils were.ﬁgﬁefly discussed.

Richards, L. A., 1950, Experimental demonstration of the hydraulic criterion

for zero flow of water in unsaturated soil: Internat. Cong. Soil

M
-Sci., Trans., ‘v.

PRI




An experimemtal.demonsttation of the hydraulic criterion for zero
flow in unsaturated soil was reported. -A metal can, 31 centimeters ip
diameter and 100‘cegtimeters in height, wasnfilledcwith soil and sealed-
against evaporative iOSSs- The soil air in the sealed .can was equalized to
atmospheric pressure. Five tensiometer tubes, 21.6 centimeters-apart, were
soldered to‘the side of thedcan and were conﬁected by flexible rubbet tubing
to water.manometers, 'The can wae“filled Qith Pachapoa'loam,'avéotl?that
" has a wilting percentage of 6 perceht and a fie1d>cepecity of 18—petcent
moisture, Sufficient water was applied to the $oil_to bring the moisture
content to 18 percent. ;ihesmetal can was then set in a vertica1<positioo.
In the,absence,of tension~gradients, gravity produced a downward movement
of water and after 4§Amonths the overa11<hydrau1ic-gradient between extreme
- temsiometet cups wes near zero or 0.015. From‘the Darcy equation V = Ki,
the transmission-velocity "y" for the-static,equilibrium of soil moisture
under gravity; was .equal to zero,wheqéthe,hydneulic gradient "1i" was.equal
to.zero. The metal can was megt tipped from the vertical to the horizontal
position.. Immediateiyvupon,rotétion.of the can the ﬁydraulicwhead difference
between.cc?s,wes agproximately Zlqo,centimeters. In 53 days the overall

hydraulic-head difference between extreme cups was ‘2.4 centimeters. . By -53‘;“%

reversing the can again to the vertical position, a pattern in potential
difference was obtained that was Just the reverse of that for the horizontal
position. In time, the memiscus pattern approached ‘the pattern in the

original vertical position. (Mndified ‘from author’s abstract )




Richards, L. A., 1954, Multiple tensiometer for determining the vertical .
component of the hydraulic grédient in soil: Soil Sci. Soc. America

Proc., v. 18, p, 7~10.

An instrument for measuring the hydraulic head and hydraulic gradient
of water in unsaturated field soil was described. Porous ceramic sections
were mounted between plastic spécers to make a rod-shaped instrument for
insertion into a hole made by the Veihmeyer soil sampling tube. Mercury’
manometers mounted at the top of the assembly were connected to each of 5
porous sections spaced 10 centimeters apart vertically.

After 44 centimeters of water had infiltrated a uniform, fine sand
loaﬁ, the .downward hydraulic gradient averaged 1.3 in the depth‘intervai of
10 to 30 centimeteré. This corresponded to a downward water-moving force
of 1.3 times gravity. Six days later, a short time after a l-centimeter
rain, the average downward water-moving force in the séme.depth interval
was five times gravity. Foun;éays after the rain, a net upward water-
moving force of 36 times gra?ify occurred in the depth interval of 10 t§
20 centimeters, owing to the influence of surface evaporation. A much
higher hydraﬁliclgrgdient existed in theOf§p 10-centimeter layer because
of the greater moistﬁre gradient near the soil surface.

In describing thé soil-waterAsystem, the term static zone was ﬁsed'
to designate the locus of points above which water movement ﬁas upwafd and
below which water movement was_downwardﬂ A static zone passed‘downWArd
through'é fallow soll after wetting. Over a 4-day period of warm dry
weather after a heavy irrigation, the static zone passed downward in a

fallow fine sandy loam at an average rate of 6 centimeters per day.
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Richards, L. A., and Fireman, Milton, 1943, Pressure-plate apparatus for
measuring moisture sorption and transmission by soils: Soil Sci.,

v. 56, p. 395-404,

This paper described aﬁ apparatus for obt@ining sorption data in the
range of 0 to 2,000 centimeters of water tension, and discussed the effect
of the histéry and treatment of the soil sample on the moisture retention
as determined with this apparatus.

- The apparatus éonsisted,basically of a porous ceramic plate enclosed
in an air-tight chamber. A porous plate was selected.which‘would with-
stand at leést two atmospheres of air pressure befpre‘leaking air.

Data obtained by this apparatus agreed with data obtained by the

o

suc;}?gﬁgethod. _Pagking of the dry sample by ordinary hand.methods had
littieﬁéffe;ﬁ on the mpisture retention at the one-third atmosphere tension.
'>Moisturee;etention-valuesﬂgpﬁéénéd on disturbed and undistufbed samples of
Fallbrook»loam'were cpmpared, Any manipulation of the soil, such as breaking
up the cores or sieving fhe soll, in either the wet or the dry state, increased
the mois¥ure retention significantly throughoqt the lwatmosphere tension
range. Wet cores that were gently broken by hand had moisture contents in
the lower tension range'intermediate'between the undisturbed and the sieved
cores, but retained the same amount of water as thg dried and sieved soil

in the higher tension range. The wetting of air-dried and sieved soil with
100 milliliters of sodium chloride at concentrations of 0, 0.4, 0.8, 1.6,

3.2, and 6.4 percent had little effect on the moisture retention of Las

Flores soil., Cajon silty clay loam was tested in a similar manner with
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solutions of 05 0.8 3.2~éﬁa 12,8~percent calcium chloridé. An increase

in concentrationAof caleium chloride caused a decrease in mbisfure reténtion.
Calcium saturation had onljﬁa slight effect on the moistu?e fetention'of‘
either the puddled or the ﬁnpuddled soils. Sodium saturation, however,

had a‘markedkefféct, increasiﬁg the moisture retention for both ;he puddled
and the unpuddled soils. Puddling decreased the moisture'retention.of the
unsalted soill at all tensions below 640 centiﬁeter of water, but increased
the moisture retention slightly at tensions higher than 640 centimeters of
water. Puddliﬁg‘decreased the moisture.retention of the sodium-treated soil

throughout the l-atmosphere tension range.

Richards, L. A., and .Gardner, Willard, 1936, Tensiometers for measuring
the capillary tension of soil water: Jour. Am. Soc. Agronomy Proc.,

v. 28, p. 352-358.

"Soil bﬁll;" the segurity with which water is ﬁeld by soil, was con-
sidered as cdpillary potentiai,'papillary.pressure; suction pressure, -pressure
deficiency, ténsion,'or capillary tension (negatiﬁé}pressure), 1t was
measured by the combined ﬁse‘of a porous cell and é.vécuum gauge. The range
of"éapiliary tension for which tensiometers could be used did not éxééed
one atmoSphere; This was but one-sixteenth of the tension rangé,in going

from a saturated'édil to a soil at the wilting point.

Richards, L. A., and Moore, D. C., 1952, Influence of capillary conductivity
and dept of wetting on moisture retention in soil: Am. Geophys. Union

Trans., . 33, no. 4, p. 531-540.
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This paper pertained toAthosevWater“relations in soil where an
approximate.contipuous phase of-gas existed._ It gontaihgd a.sumﬁary of
capillary;coqdﬁ¢£ivity measurements‘made‘by méhy workers.which indicated
that ag‘thg‘goil;moisture tension increased to about ancentimeteré of
water, the capillary conductivity dropped rapidly. Thg_qapillafy conductivity
for the soils summarized was reduced to a relatively low value before the
tgnsion reaqhed 150.centimeters of watér« The authors stated that the shapg
of the capillayy-éonducpivity éurve was related @iréctly»to the moisture-
storage and‘transmitting properties of soils in the fieid. The usual definition
for the field capacity, which is épplied for deep, well-drained soils, ﬁight
be paraphrased as follows: Field capacity is the moisture content of soil
2 or 3 days after a heavy rain or irrigation when downﬁard drainage has so
reduced the moisture content of the soil and the thickness of the moisture
films that the capilllary conductivity is‘reduced to a low residual value
and additipnél{downward‘drainage of water is negligible. This view was ¥

further supported by data indicatingvthét the tension range (frpﬁ 30 tp

150 centimeters of water) over.which:the capillary conductivityvdropped to
a‘low tgsidual value was also the range'over which tensiometers were observed
‘to read the mﬁisgure condition at fi¢1d capacity for the soils suﬁmarized.‘

Capilla;ywqpnductivity ﬁeasuremgnts were made’for six séils. The
procedure used for these measurements repreéented a new development. A
soil sample approximately 6 centimeﬁers in height and 25 centimeters in
diameter ‘'was mounted between two porous plates. These plates were backed o
with"a bronze screen and sheet rubber on the side opposite the soil contact.
The soil column was supported by a metal”cyliﬁdef.' This assembly was placed}
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in an air-tight preséﬁre chamber. Water was supplied to the soil column
from a constant-pressure source through the upper porous.platé. Water that

passed through‘the soil column and the lower ﬁdrous'plaﬁe dripped into a

burette. Small porous tensiometers were installed at each end of the soili;
' ot

column to measure the net hydraulic head-loss as water moved through the
soil column. The amount of air'preésure applied to the pressure chamber
determined the soil-moisture tension and the corresponding moisture content

ofy the soil. Capillary conductivity at any desired moisture content could

PR

N

.béﬁdééérmiﬁed by applying'the neceésafy air préssure'to the pfessufe chamber
and then b& méaéuring the Q@ter that flowed through the soil column.from the
upper pbroﬁs platé thrbugh the lower porous plate.

Céﬁilléry éonductivity Qaiues for fhe six soils wéfeAin hafmony‘wiﬁh'
the sﬁmmgfized déta;r.A coméaratiﬁelyzrapid reduction to low-conduétiQitf
§a1ués was 6bserved aélthe téngioﬁ was increased. Measurémentsvat all ten-
sions’gavé‘caﬁillar?-éonductivit? Qalﬁés ﬁeasurqbly greater'thanAZerd. The
sandy'soiis ﬁadvhighér conductivify.ét IOW’tenéiop an& lower condgctiﬁity at
high tension than the médiuﬁ- or finejﬁééfﬁgéd‘soils.

. - w0 B .

A method-wéé use& wheré“a émaii predétermined vdlﬁmebof'ﬁater was added
to air-dried soil. After a certain length of time the moisture'céﬁtent of
the wetted soil was determined. The volume of water applied, or depth of .
wetting, greatly influenced the rate of change of the moisture content in
the wetted part of the soil.” The moisture content of a, part wetted with
about 0.1 milliliter of water dropped below the 15-atmosphere percentage
within about 1 ta 2 hours, wheréas the moisturevcontent of a part wetted

‘with 20 milliliters of,wateryremaiﬁéﬁiat much higher value for a much longer

~ -
N TR 2
- Lol

time. .
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The authors beligved thatﬂf;e;d_ggpaqi;y‘gengrally reprggﬁn;ed a
moisture content in thg f#eld“soil th#t phangéd.sloﬁiy_ﬁigkAtiﬁe_ggéaﬁsgA
of the dynamic moisture”trgnsmigting propgrties_ofwthe'soii. ‘If_tﬁe B
factors that control the rate pf{trangfer éf wéte;‘th%augh the Qgttiqé zéne
tendvto make this rate of transfer sémewha;‘qonstént, then_ﬁhe thicker the
zone of wet;ed soil the more élowly Qould ghe.moisturé.content change Qith
time. The authprs stated thgt field capacity likelymgorrgsponds_to that
tension apd moisture content at.whiéﬁ conductivi;& becomes ﬁegligiﬂie.
Measuring‘techniques_wefe belieye& to bé appféaching the étage where moisture
retention and condugtivigy‘inAsoiys‘haviqg,undistgfbed structure ;ould be
expressed as functions of tension,.vaproved meésuring techniques would
make possible a theoreticai éolu;iqn fof the soil-wefting process in the
field and extend‘the applica;ion‘oé basic pfin%iplés in the soil-moisfﬁre
system. Howeve;, one complicating factpr iﬁ this applica#iqn'would be that
the hydraulic,gradién; duriﬁg infiltration‘in.;hg fieid varies considerably
betwgen soiis.A‘A‘substaﬁtially.undis;urbéd sample might be brought to the
laboratory for measure&ent aﬁdAspﬁdy but tﬁe ﬁoundary cpﬁ&itions that
;ontxo} the hydrauiic grédient in,ghe fie}d.migb; not be conveniently

reproduced.

Richards, L. A., and Ogata, Gen, 1956,-Materials for retainer plates and
their usédfcr’retentivity measurements: - Soil Sci. Soc. America

Proc., v. 20, no. 3, p. 303-306. -
Ceramic materials suitable for use as sample retainer plates and

methods for measuring their permeability, air-bubbling pressure, and
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airwentry'ﬁressure were discuséed, The transfer conduéténce between

retainers and a ceramic suction-control surface was believed to be satisfactory
if the contacting'surfacés wefe'reasonably flat and clean. Several tests

had consistently indicated, however, that better results were obtained if

a capillary contact medium was used when ceramic retainer plates were used

on cellulose membranes. At high suctions the retentivity for cores might

be 'significantly different than for airndried and fﬁagmented soil. Férl&ﬁ“
éxampie; the authors found that the average 15-bar percentage for 7 cores

of sandy loam soil was 5.96, Whereas the average 15-barvpercentage for the

soil in these cores after air drying and fragmenting was 5.48; Tests indicated
that the'water-release curves for cores of a fine, sandy loam soil'that‘were
wettéed in the field by flood irrigation were similar to those.same cores

wetted to zero suction in the laboratory. (Modified from authors' abstract.)

Richards, L. A., and Weaver, L. R., 1944, Moisture retention by some irrigated
~ soiles as related to soil-moisture tension: Jour. Agr. Research, v. 69,

RERRLEN CU

no. 6, p. 215-235.

‘The main objective of this paper was to present data on the relation
between'the'equivalént negative pressure or ténsion'in the soil water and
the moisture content of 71 éampies. |

The pressure-membrane apparatus was used to obtain moisture data at
‘téﬂsibns abbve'one atmosphere.

Moisture-retention data attensions between zero and one atmosphere

were obtained either with pressure-plate or suction-plate apparatus.
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'Thé procedure for obtaining all of the moisture-retention data was
as follows: A layér of screened, air-dried soil was placed on the porous
moisture—extracting surface, the soil was wet thoroughly with an excess of
distilled water, and then the moisture was extracted until the moisture
tension in the soil increased to a cohstant predetermined value and
moisture outflow from the sample ceased.

The amount of moisture a soil williretain at a given tension depéﬁds
somewhat on the time allowed for wetti;é‘£he air-dried sample. No increase
in moisture retention for a wetting time beyond 15 minutes is obéefved for
some sandy soils, but some fine-textured soils require as much as 18 to 24
hours before the moisture rétained,is independent of tﬁe wetting time. An
overnight wetting time of 16 to 18 hours was used for the determinations
reported_in this paper.
| For all except very impermeable soils, 4Ato 6 hours was émple time
for a layer of soil 1 to 2 centimeters thick to come to equilibrium after
the pressure differential was applied to the porous ceramic plates. Most
of the soil-moisture~tension data were obtained af a temperature of 21°C.

The relation betwéen moisture equivalent and_the moisture retained
after the soils‘were wetted and brought to equilibrium on the suction plate
at 4 teﬁsion values of 250, 345, 440, and 518 centimeters of water was
studied. 1In general, a fairly élose relation between moisture equivalent
and the moisture retained at the moisture tension of 345 centimeters of water
(one-third atmos@here) was found. However, the percentage at one-third
atmosphere was slightly lower than the moisture equivalent for the coarse
soils and slightly higher than the moistufe equivalent'for the fine'soils.
The authors blamed fhese inconsistencies on possible sampling errors.
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Twelve soils were studied at the %-atmosphere and515-atmospheré
téhsioﬁé at 5 différéﬁt'temperatures that were approximately 0, 12, 21,
30,mand 37°C. A decrease in moisture retention usually océu;ed with ‘increase
in temperature. The change in moisture retention per degree of change in
température increased from coarse- to fine-textured soils but did not seem
to be related linearly to the moisture retention of different soils at any -
given temperature and tension. The v§riation in moisture retention for the
‘differehtAsbils at oneéhalfigyﬁggghéﬁéwas from less than 0,5 percent to as
ﬁ@ch és 3 percentu>L |

S el

The soil-moisture-tension values at any distance from the peripheryj

or moistufe-dﬁtflow-surfaces of the centrifuge sémple may be calculated from

the‘équation T = (wZ/Zg)(rIErﬁrzz) where

T =.‘téhsion,‘in centimeters of water;

.Q = angular velocity of centrifuge, in radians per second;

g = ‘acceleration of gravity, in centimeters per secornd per>secohd;

.rl = distance of bottom of sample from center of rotation,‘in'
':éentimeters;

‘f2‘= distance of specified point in sample from center of ro;ation,

in centimetérs.

‘Thé authors stated that the moisture equivalent coﬁld'not be used
genéraliy as an index of either the upper éf the lower;limit-of moisture
usébﬁe by plants in the fiéhd. Althoﬁgh mbisture equiﬁ%lent has the
advantage of being a definite reproducible quantity easily determined, its
continued use seemed ﬁnjustified unless sbmething more closely related to
the available moisture rénge éannot'be found. The moistﬁrenrétention‘values
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in the %- to %-atmosphere ranges are too closely related to moisture equivalent
to be of appreciably greater use or significance, except that they are less

expensive to determine and represent a more definite physical property of

the soil. As a substitute for moisture equivalent, the 1/3-atmosphere per-

centage seemed to merit ‘some consideration, but the authors felt that the

A
)

expression "moisture equivalent" should be used only in connection with'@

determina;ions,ma&e with Briggs and Mclane equipment.

From tensiometer data available for several soils, field capacity méy
correspond to a.tensiometer reading somewhere near one-tenth atmosphere,
but.no dis;inctive feature of the tensioﬁwtime curve foLlowing_irrigation

occured which could be associated with the condition at field capacity:

Because field capacity depends on the nature of the whole p;gf;le,{
the initial moisture distribution, the,moisturewtransmitting propefties.of
the soil, the moisture-retaining prppertiés of the soil, and the amount of
watgr}applied,_it becomes more difficult to estimatevfield capacity on an
f@?ﬁééﬁéﬁ%ﬁ;ééiy‘saﬁple.

| An estimate of field capacity of an undisturbed field sample would
likely be more reliabievthan on a soil that is dried or screened but the
advantage of using a distrubed sample for routine work is obvious, Centrifuge
packing may partly overcome the structural disruption caused by screening,

but the ratio of field capacity to moisture equivalent is considerably higher
for coarse than for fine soils. The possibility that a moisture-retention
value at a lower tension than thiy}/3=atmosphere percentage>may be a better
indication of field capacity was'suggested because this tension empties a

relatively larger fraction of the pore space for the coarse-textured soils
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than for the fine-textured soils. The authors feund that for the seils studied,
about half the waeer retained at 40 centimeters of water tension by a sample
that ?ae been air-dried and'screened, closely approximated the field capacity
determinations.,
Based on experimental results obtained with the pressure-membrane

apparatus, the forces pontributing to the energy of retention of moisture
by soil were divided into two classes, those arising from dissolved materials
as expressed in terms of osmotic concentration of an extracted sample of
the soil solution; and all other forces. Force action.of‘the second class
can be measured by the use of membranes permeable to the soll solution,
The physical quality that is determined experimentallyjby sueh membranes is
the negative'pressure to which a solution must be subjected to be at
“eQUilibrium through thebmembrane with the same solution in the soil.

| Insofar as ehe presence of solpble material changes such physical
properties of the system as surface tension and density of the soil solution,
or hydration and flocculation of the soil colloid, soil-moisture-retention
data obtained with teneiometer, suction-plate, pressure membrane, or

centrifugation apparatus are independent of and do not involve solution

concentration effects.

Roe, H. B., and Park, L. K., 1944, A study of the centrifuge moisture
equivalent as an index of the hydraulic permeability of saturated

soils: Agr. Eng., v. 25, p. 381-385.

‘The movement of water through both saturated and unsaturated soils

is a prime conéideration in both irrigation and drainage. The rate of
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movemént is dependent upon the hydraulic gradient, (ratio'of effective
head to length of soil column), and upon the coefficient of hydraulic

permeability, k,, for, by Darcy's law of fluid flow through poroﬁs media,

S?
k hf
V = i ; Because vertical downward flow is involved in both irrigation
b e L
and drainage, the assumption that the hydraulic gradient, B equals unity

introduces no serious percentage of error into practical @roblems. The
detexmination of the coefiiciént of hydraulic permeability, hbwever, presents
serioué»practical difficulties. Numerical values of this coefficient are .
thus far available for only a very small number of soils, equipmént and
knowledge of procedures for making such determinations exist at relatively
few places, and the &eterminapipns,often take congiderable time. The
general problem is further complicated because hydraulic permeability fpr
capillary flow in any unsaturated soil is apt to differ greatly iﬁ magnitude
from that in the same soil when saturated., Thus, this study related moisture
equivalent to hydraulic permeability of saturated soils. The moisture
équivalent is an important and well known property by means of which the
physical character of a_soil may be approximately determined.

Because the centrifugeAmoisture equivalent, Meq? is ggnerally morg
readily and quickly determined than the hydraulic permeability, this study
was undertaken at the Minnesota Agricul;q;al Experiment Station in the hope
of fin§ing the usaﬁle empirical relation between corresponding'ks and Méq
values. Because moisture equivalent is known for so many soils throughout
the country, the determination of a definite relationship between it and
the hydraulic.permeability of soils, if such a relationship exists, would
greatly simplify ;he application to practice of the law of water flow through soil.
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| In this study, the tests were made on laboratory prepared samples from

Utah Arizona, and Minnesota rather than on undisturbed field samples.fl‘ |
The moisture equivalent determination was made in the customary manner;

.2 to 5 tests being made, until consistency of results was secured Thevl%.:
average M eq values thus determined were tabulated in this article. \

To determine the hydraulic permeability, a variable head permeameter
was designed Very little published .data were available regarding permeability
tests on disturbed samples in the 1aboratory. Consequently a considerable
number of preliminary test determinations were made in triplicate to findkthe
best means of preparing,and packing the samples. One problemvwas that of'
choosing a filter to be used at the bottom of the layer of soil A layer of

\'1",,;
fine sand 2 centime% :

] thick gave the least difficulty and most consistent'
results Also, the pulverized soil always tended to deposit itself in strata
according to size of soil particles when poured into the permeameter and in
this process of pouring and tamping, vertical veins or strata of the coarser;
materialrwere'sometimes formed through which the_water percolated, downward .
much more rapidly than through other partsnof the soil column. The'combination
of these conditions resulted in serious lack of consistency in the triplicate
.tests | To eliminate this problem the soil column composed of air«dried soil
was thoroughly mixed by pouring three layers of thickness approximately one;
third ehe height of the soil column into the cylinders and stirring with a
fork and then tamping according to standard procedure. This procedure |

greatly improved the . consistency of the results but, even then, satisfactory

consistency was not obtained in about 50 percent of the tests.




The average values of hydraulic permeability were plotted as ordinates
on double logarithmic‘paper, against the corresponding M eq values as abscissas
Although a trend was noted towards a type of mathematical relationship, the
experimental values clearly showed too w1de a deviation from any exact empirical
rule to be of value in practical determination of permeability (k ) values of
soils on which no laboratory determinations had been made. Deviations of
several hundred percent were noticeable in several instances.'

However, these data may be of some value in making rough estimates of

permeability coefficients where m01sture equivalents are known Although ‘

HrE A

such estimates may be highly inaccurate, they are bette

MRK I BLERToN .

han judging alone,
as the data gives some basis for Judgment For possible use for.such |
purposes, these data were replotted on semilogarithmic graph paper, the k
values on the logarithmic scale as ordinates and the M e values on the

rectilinear scale as absc1ssas. This was done to make the soil class zones,

as identified by the M eq values, more readily comparable.

'RoOs€, Ai-C.;1924; Practical field tests for sub-grade soils: Public Roads,

- ¥..5; no. 6, p.-10-15.

The‘author suggested a'practical field test by which moisture equivalent
could be estimated This was done by taking a 500 gram sample of aﬁr*dried
soil breaking up the lumps and then slowly adding water until the soil
reached the consistency of putty and could be compacted with a spatula without
any free water remaining'on the surface:"Water.wathhen allowed to drop on
the smoothed surface as it was absorbed. Before the moisture equivalent was
reached the sample absorbed.waterkreadily, but after the critical value was



passed, the surface retained a wet shiny appearance. The_S?mple was then
ovenrdried‘at 105°C and thg percentage of watér was caléulated as a per-
centagé of the dry weight of the soil. A comparison éf moisﬁufe'equivalent
of 29 soil types, determined by the U.S. Bureau of Soils LaBoratory,.Lhé
OregonAAgriéultﬁral College taboratory, énd by using this field'method; was
presented in tabular form. Considering the results of the Bureau of Soils
as the standard, the deviation by methods of least squares for the Oregon

results and the field method results were *1.9 and *1.4 percent, respectively.

Russell, J. C., and Burr, W. W., 1925, Studies on the moisture equivalent of

soils: Soil Sci., v. 19, p. 251-266.

The effect of speed of centrifuging, period of centrifuging, and thick-
ness of the soil layer on the moisture equivalent was studied for 16 soils
having a wide range of properties. A procedure which was modified slightly
from that described by priggs and McLane was used for determining the mpisture
equivalent. Iniﬁﬁis moaified procedure the pans were fitted with muslin
instead of fiitervpaper and an amount of soil that would give”a 10-mi11imeter
1a§er after centrifuging was used. The soil was saturated from below on a
blotting paper and allowed to drain for 18 hours. Resulté‘ébgained from
this procedure were the same as those obtaiﬁed by the Briggs an& McLane
procedure. An unsuccessful attempt to prevent circulation of the air during
ceﬁtrifugiﬁg and thereby decrease evaporation from the soil was made by

packing‘the centfifuge drum with cotton.

The relationship of the moisture equivalent to the centrifugal force

employed was represented by the equation M = gtéwhere M is the moisture
| %

equivalent, G is the centrifugal force in terms of gravity, and n and K
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are achar&g”' L_M.”?' & A lane o constant for each soil. ‘The moisture equivalent
decreaded ahout.l percent nhen the thickness of the ‘soil was increased from

10 to 12° millimeters. The moisture~equivalent decreased 0v6 percent for

each 20-minute increase in the period of centrifuging after 20 minutes.

The authors stated that the deflnLtlon of moxsture equivalent given by Briggs

and McLane was reasonably adequaten

Russell,.MfﬁBn,wand Klute, A., 1954,'M0rement of water in soils: Agr. Eng.,

v. 35, p, 808-810,

Thisfpapgg;igfa revlew of 30 reports which pertain prinarlly to flow
of.water”in:saturatedland unsaturated soils. |
” of 1nterest in speciflc yield was the authors short discussion regard-
~ing the estimation of the permeability of unsaturated soiIS° f, |
Deductions Dbased on a statlstical treatment of the pore-size distribuqion

curve as proposed by Childs and George have advantage over-the direct

ke

.measurement of unsaturated permeability° The-methodsvfor the determination
of unsaturated permeabillty are slow and- involve considerable difficulty The
pore-size distribution curve may be obtained from moisture-desorption

data, and this curve is obtalnable without much difficulty. -

Russell,jM;’B;; and Richards, L. A., 1938, The determination_of soil-moisture
energyvrelations by centrifugation: Soil Sei. Soc. America Proc.,

v,-3, p. 65-69.

The capillary potential of a centrifuged sample was determined by the
following relationshlps'

1{7'3 i



r

‘radium of centrifuge

® = angular velocity

By holding o constant this equation may be integrated between limits

r, and 1, to glve: )
W 2 2
Vp o ¥y = (5 - T

If r, represents the radial distance to a free-water surface and r

the distance to the soil, then ¥, or capillary potential at distance r

2

from the center of rotatién, equals zero because it is customary to choose
a free-water surface as a reference level and to say that § = D at that point.

Theréfdre the capillary potential of the water in the soil, Wz, becomes
: ) ‘ ' Y
2

¥ = @, - 1.
Mdistufé desorption curves between pF'(logarithm of capillary potential)
3.0 énd'QOO‘for four soils weré determined by centrifugation. In this
'pfocedure an invertediceramic cup was Qéed. A water Ieﬁel was ﬁéintained
5 cehfimetefs bélowAthe upper end of.the inverted cup. A 5-millimeter layer
of soil was pléced'oh the uppéf surface of the inverted cup. A uniform

centrifugation‘peridd'of 2 hours was accepted as being sufficient to reéch

an equilibfium molsture content. The moisture equivalent for the soils

studied was found to correspond to pF values that averagéd 2.6.

Sedgley, R. H., and Millington, R. J., 1957, A rapidly equilibrating soil-

moisture tensiometer: Soil Sci., v. 84, no. 3, p. 215-217.

‘A type of tensiometer using "porvic" (polyvinyl chloride) as the semi-

permeable membrane was.discussed, The porvié sheets were 0.05 céﬁtimetef

o e,
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thick - The pores were approximately 1 micron in diameter and the volume
porosity was 85 percent This type of tensiometer has been used success-
fully at tensions up to 50 centimeters of mercury° Tests on this. tensiometer
showed a cup conductance of 11. 7 cubic centimeters per square centimeter

and a re3ponse=t1me constant of 0 025 minutes.

Sivadjian, J., 1957, Hygrophotographictmethod for depicting soil moisture: -

Seil Sei., v. 83, p. 109-112..

This paper descrlbed a hygrophotographicimethod for the qualitative
‘measurement of soil m01sture and heterogeneity of soil.

bA plate or film of silver bromide was immersed in developer solution
in the darkroom, brought into daylight, developed fulkﬁ and fixed in a
solution of hypo. The plate was then washed thoroughly and bleglped in a
3-percent solution of mercuric chloride. After washing again, the plate
was’ transferred to.an 0 5 percent solution of potassium iodide, The plate

then became uniformly yellow and was rinsed and set aside to dry. The

double salt of mercury and 81lver thus obtained was remarkablkfstable and
1nsoluble. It was sensitive to light and changed rapidly from yellow to
violet black After exposure it was greatly sen31t1ve to water and atmos-
pheric moisture,‘which restored it to its original yellow.

These plates, when first exposed to light and then pressed against
the soil, gave a qualitative measure of record of a change of moisture
conditions within a soil,

- Inconstant images on hydrophotographic plates were rendered permanent
by reproducing them.on bromide paper‘by the,contact method in usual photo-

graphic procedure.




Slobod;’R;‘L., Chamuers; Adéle,'énd'Prehn;'W. L., 1951; ﬁéeléf cenirifuge'
fof deﬁerminiﬁé'ébnnate wétér, réSiduai oil, and éapiliafy-ureSSure :
curves of small core éamﬁleS: Am. Iust{ MiuinéuMétall. Peuroieum
Engineers Trans., v. 192, p. 127-134.

The need for accurate values of connate water and residual oil and
fgi capillagy-pyessu;e”curves invrgservoif engineering,has‘been recognized
for many years. 'Severai invgs;igators_have.usgd centrifugal forces to-

develop pressure differences between two immiséible phases in a:core. The
- - B D el

purpose of this report was to establish the practical value of centrifugal
methods.in determining~uore.prppepties.
1f avcore,con;aining,watgr.is rotated at an appropriate speed in a tube
~containing oil or air around the core, the water cén be displaced to the
connate:water.yalue‘asvair.or,oil rgplacés.the displaced phase. A capillary-
pressure curve is then thgined by‘establishing equilibrium at intermediate
speeds of rotation and recording the speed of the centrifuge and the volume
of displaced water for each equilibrium state.

A core plug aﬁpiokimately.l inch“in lenth and three-fourths inch in
diameter was cleaned and iﬁén saﬁuréﬁed'with a S-peruént soidiuu-chloride
‘pgine,w Thg'pqposi;y was determined, using the dry weight and saturated
weight, and the final percent_of saturation was calculated. The temperature
of the centrifuge was maintained}af-?S?F.

Thgimethqd_employed to gstablish connate-water saturation depended on
the lithqlpgy of the core and the choice of the displacing phase. For tight

materialg,%a sealgd:cpre hqlder employing a sand cushion was used and oil
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was used as the. disp1a01ng liquid fer water, . The cqres.Were rotated: in
pairs at ;1,829-00 revolutions pernminute. Although s everal, hours may, be
required for~yery‘tight‘cqr;s;‘the_time reqnired ﬁornequilibriumjfdr.most
cores was about one hour. Coresvoﬁrloqselx consolidated material required
standard centrifuging at normal speeds for 1 hour, usually. Four to 8 cores
were run 5im&£aﬁédﬁ§1§l" e |
In capillary pressure determinations, a special core holder wes used
As the water was displaced it was measured in a pipette contained in the
lower end of the holder.; Readings Were taken at different speeds by use of
light flashes from a stroboscope while the centrifuge was allowed to
operate. Thirty to 40 minutes was dshall&lsufficientztine'te establishn
Lq;hhilihrinm at éééﬁ'pdiht;’”ihé°avefage setdretien'ef:the:eorexﬁashdetermined
by'snbtreetiné"fhe’QEIGde'ofzdisnlseed'Wéter'froﬁﬁthe'oriéinal'netericbntent.
| Tﬁe'percéﬁtsgé:of”csﬁﬁate'wA£éf'détéfﬁinea hy the;eentrifngelvas.
féﬁd&ﬁ”iﬁ”géapﬁ'féfﬁgg”rﬁ’généfai;iéffeﬁkoaﬁéibiiity“wiéhin's fen:tenthsfof

‘i“pégcéht of the pore space was found.

. equiveleptlof soils; quil‘Scig, v;gﬁ,,ps 47114765',“

:HEkberimentél résnlts'releting ﬁechanieel anelysis to moisture equivélent
were given for 12 different soil types ranging in texture from coarsevsend’
to clay. The soils ranged from residuel/typeszto'reeentiallnriuﬁ. The& .
were‘séﬁernted into seven bertiéleesiZe érouns; and all-ef.the'nartieles
that belonged to thé“SAméiéroup &ere'eembined so that a comfosite saﬁple
for each of the'seven'grenpshwes'obteined;' Theimbisturemeqnivalentffer



éabh 6f'the Compoéite groups was determined. The results suggésfed that
if the ﬁechanical analysis was used as an indirect calculation of the
moisture eﬁuivalent; each textural grade must be.given a definite and
distinct value and the sands must be considered.

Three synthetic soils were made frém'the different grades of soil
particles. The moisture equivalents of these synthetic soils'were determined
and found to be very close to the calculated moisture equivalents. If the
sandé_were:g;ouped, the.departure pf the calcu@ated moisture equivalent from
the.determined moisture equivalent was much greater ﬁhan if definite values
were given to each of the sand groups. A éomparison of calculated and
measufed moisture-equivalent data for mapy soils showed variations from
-5.44 to +7.28 percent.

The author pointed out that mechanical analysis notes only the amounts
of the various sized particleé in a given sdil, whereas the moisture equivalent
is a soil constant which is influenced not only by the size and amount of
the different particles present in a soil, but also by the shape of the
soil'partiéles, amount of organic matter present, amount of soil colloids
‘present, aﬂd'chémical composition of the soil. Although moisﬁure equivalents
calculated from the mechanical analysis gave approximate results, the author
emphasized that these ére far from aécurate for scientific and for soil-
moisture work and that moisture equivalents should be determined for

accurate results.

Smith, R. M., and Browning, D.. R., 1948, Soil-moisture tension and pore-space
relations for several soils in the range of '"field capacity": Soil Sci.
Soc. America Proc., 1947, v. 12, p. 17-21.
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In order to investigate soil-moisture relationships in the fleld, the

following informetion was obtained for the surfece layer of several typical
soil profiles: Volume weight and total pore space, maxtmum water content
after thorough artifioial soekimg, water content after 2 days of free draln-
age following artificiel soeking, Water oontent efter thorough SOaking by
rein, the moisture equivalent and the tensnons and correspondlng moisture
contents et sevefel times undet netural rainfall conditions.

These deta indlceted thet with ertifiei&l soeklng, the soil-moisture
contents were always higher after 2 days of dreinage than were the laboratory
noisture.equlvelents. The moisture tensions after 2 days were between 25
and 125 centimeters of weterO. Wlth less thorough wetting by rain, the
tensions developed more rapidly but never approached 500 centimeters of
weter after 2 days drainage° B | o

. Porewspece anelysis from‘the naturalwtension curves indicated that the
.moisture equivalent fits rather setisfectorily near a 500~centimeter tension
in the field results. The only way for naturel field capacity to be equ&l
to or lower than the m01sture equivelent was epparently by a lack ofmthorough
wetting.ttwedipmw or heevyntextured soils that Iack complete wetting readily
can have field capacity vslnes equal to or lower than the moisture equivalent
Abut with sendy soils heving meny middle=sized and coarse pores, the normal
fleld cepecity after a few days of dreinage was invariably greater than the
moisture,equivaient.

By considering the degrees of gsaturation and the true moisture tensions
that occur in the range of field capacity; such subjects as soildwaterhmonement,

: eveileble‘wetervsuppliesg aeration; and temporary‘water'storage can be more




clearly understood.’ The real keys in explaining many of the felétionships

' were the distribution of pore sizes and the degree of filling of the séil'pores.

Smith; W. 0., 1932, Capillary flow thrbugh an ideal uniform soil: Physics,

v_o 3’ Po 139_146-

'An ideal soil is an assemblage of spheres packed to a definite porosity.
For statistical purposes this soil may be represented by grains placed in
hexagonal array, with adjacent grain centers equidistant and at a distance
(2r + d), where r is the grain radius and d is a SPacing'constant adjusted

)

to suit the observed porosity. Three sets of capillaries extending continuously
throughout the packing furnish the chanﬁels through which fluid crosses the
soll body. The velocity through the mean capillary was calculated by a
method'essenfially due to -Slichter, and from this quantity, the sectional
area of the mean capillary, and the number of capilllaries per centimeter

squared, the quantity of fluid per second, f, crossing a soil of sectidn

area s and length L, was found to be

2 ]
£f = 0,00809(1 - P) /3-[909850/(1 - P)Zlaw IJZ ApDzs/qL,
P = porosity,
'D = diameter of grains,
*&p = pressure difference under flow,
n = viscosity of the fluid.

Intrinsic permeébilities computed from this gquation were compared with
tabular values for carefully sized glass spheres and quartz sands observed
by Green and Ampt. A further comparison with corresponding values caiculated

from Slichter's equation was given.
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The.probiem.of capillary flow in soils as compared in the above ﬁo;ed.
table differed from that of qapillary'rise reported in fhe author's éa?}ier
paper. The packing4employed here was used and,experim;ntal agreement was
obtained. In the earlier paper, however, the.effeétive area and perimeter
used to calculate the height of rise was a weighted meaﬁ, in which each of
the pore sectiong occurring in the unit cell was.weighte§ according to its
‘freQuency of occurrence. The xeason’for this was explained as follows:

- The capiliary riée problem involves either filling or draining of poresy .
for.equilibrium it depends only on the perimeter and areavéfvthe pore ceils
in the meniscus. All types of cells wili be involved because'allishare in
phe_filiing“or draining of the soil. 1In the flow problem, however, only the
capillgr;gs éhat‘exist continuously throughqut the packipg.are capable of

S

2¢iis- initially filled and steady flow

transmitting fluid after theﬁyﬁ£“ ¢

takes plage.

Smith, W. 0., 1933, MaFimum:capillary rise in an ideal uniform soil:

N

Physics,.v. 4, p. 184-193.

In an aééemblage of'uniform'sphefés‘Similar to an ideal soil; the
height at which a liquid will be supported above a free water surface has

been found experimentally to depend on .the way in which this equilibrium

was obtained. If the liquidé’;;i;ﬁgﬁfalling throughout this media, the
height attained is the maximum obtainable; if the liquid is rising by
capillarity, the height attained is the minimum, If the liquid level is .

forced artificially to a gilven height between these two extremes, the

intermediate height will be maintained.




The above generalized picture of maximum capillary rise in an ideal
soil is best understood by considering it statistically to be a regular .
hexagonal arrengement.ef spheres in which three principal pore.cells:
(triengular, rectangular, andArhomboheQral) occur in a defiqite relative 
frequeecy. These cells are so arranged that three sets of capilleries
fun continuously throughout the media and range from a minimum to a maxiﬁum
H;cfpss seceion; This cyclic repetition of capillaries of the hexagonal packm
ing thus gives rise to multiple positions of equilibrium, a maximum produced
by drainage, a minimum caused by capillarity, and intervening positions if
the liquid 1s forced between these extremes by external means. Pore diameter
determines the highest point to which the liquid will be supported at any
particular equilibrium because the highest rise occurs when the minimum
cross section holds the meniscus and the least rise should. occur when.the
maximum cross-section holds the meniscus. However, the minimum rise is
affected by a wetﬁing.complicationo Rings of liquid form around the point
of contact of each pair of soil grains just above the soil menisces and on
coaleeoeﬁce merge and carry the soil memiscus to a height intermediate to
the two extremes.  Theo rlnga are formed as vapor condenses. -on the grains
ahead in the free pore'space. This process continues until the.ring,ceases
to grow and an equilibrium is reached.

The conditions controlling capillary rise are determined thus., Using
these conditions and an approximation developed for the capillary equation
in an earlier paper, the author~e;1culated the minimum rise. On comparison

5

with the data given in the earlier paper, close agreemen; was evident.
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Smith, W. O., Foote, §‘ D., and Busang, P F 1931, capillary rise in sands

of uniform_sphe;ical grains: Rhysiqs, v. 1, p. 18-26.

. Uniform spheres packed in reéuiar érray form a ﬁoncyiindfical cfélic
capillarj,’éhératterizéd by a‘méximﬁm, minimum, or‘poSsib1y~intermediéte
position of capillary rise In practice, shperes may be packed to a variety
of porosities (P),thus requiring a mixture of regular and irregular pilings
arranged_in a very distorted pattern; However, the meniscus is also distorted
to coﬁform'inva general way with the distortipns of the lattice. Accordingly,
positions'of'makﬁhmm.énd minimum rise méy be expécted; | |

Thé'méﬁiscusgfdr maxinnm rise tends to-pass through.the.pigﬁé of centers
of neighboring.sﬁhefes.  S1ight deviatioﬁs from tﬁis cdndiéibﬁfdﬁingsto rise
at sphefe.céntact are tﬁought‘by the authors to be of minbf”imﬁorﬁaqce. Any

- piling may be treafedvstatistic&lly-asha:hexagéﬁal_array with a sbaéiﬁg'
2r + d Wheré d is coﬁputed'to give thé]oBserved poroéiﬁy.' Ih‘suth a system
three types bf:cellioccuf with a définiie frequency;.énd'thesé céll types

afe"aésumed'préseht in the meniscus with the'same'frequenéy distribution.

Hence it is"poSSible to evaluate ?r/a = p ghr/o where

p = perimeter; |

r = grain fadiusé
a = area of porevopening,
g = ‘acceleration of gravity,

. g = surface tension, |
p = densiti,
h = capillary rise.
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The final formuls so derised'reducesvto.-'

pr _ ghe [ 2 1.,

a -:.p g - . 0-9590/(1 -»P) Y S
where.‘

P = porosity.

This agreed with experiments made with several sizes of graina, porosities,‘
:and liquids. The minimum rises were also determined but a satisfactory
interpretation in terms of a model has not been effected | |

~ The maximum rise was determined by allowing liquid to fall very slowly‘

., in a specially designed vessel containing glass spheres (radius 0.316
centimeter) and Ottawa sand (radii 0.443 and 0.0135 centimeters).

Porosities were ueasured‘by observing the volume occupied by a given:
.weight of:epheres4of known density.
o .Liuuids used were lubricating and crude oil, carbon tetrachloride,
‘acetylene tetrachloride, toluene, beuzene, xylene, and water.

‘In alllinstauces, the minimum rise was determined by allowing the
Yliquid-to'rise slowly in a previously wetted sand until equilibrium was -

reachedb

Spangler, M. G., and Pien, Wei, 1952, Distribution of capillary moisture
at equilibrium-in stratified soils Highway Research Board-soec.

Repto No. '2‘, po 120'125-

The theoretical aspects of free energy applied'to.stratified soil were
discussed and the equilibrium moisture contents at various. elevations above
a free water-table surface in two experimental stratified soil columns were

compared with theoretical moisture distributions.



Two - eolmmno.of stratifiedaloess and glacial -till soils: were placed in
glass tubes with a diameter of 4. 9 centimeters and aQIength of 110 centimeters°
The lower ends of the tubes were tmmerssed in-a vessel-of water which was
open to the atmosphere andeater was allowed to rise by capillerity. After
equilibrium was attained, the moisture oontents were measured and coupared
with sorption curves obtained with a soil teneiometern

" The rate of rise in the soil in the upper part of the tube was greatly
influenced by the kind of soil in oontaet with the weter table. The wetting
front in the tube which had glaciel till in the bottom took much longer to
“reach the top of the column than it did in the tube with loess at the bottom.
Theoretical Cuives for soil=moisture content vereueiheight above the water
surface were constructed from the sorption curves,. The theoretical and
actual valueés were in reasonably elose agreement throughout the height of

the soil columns. The abrupt changes in moisture content at the interfaces

between the varicus soil strata were iudieated by theoreticel eonéiderations

and were fullyhdewelobed fn the experﬁmental soil oolumﬁi?ﬁ‘

Stahl, R. F.; Martin, W. A., and Huntington, R. La,,1943, Gravitational-
drainage from the unconsolidated Wilcox sand: Am. Inst. Mining -

Metall. Petroleum Engineers Trams., v. 151, p. 138-146.

Iu“Some‘volumetrie“oit‘fields the_performauee of the reservoir during
"the latter part.of its producing iife is governed laréely by downward move-
ment of liquid due to gravity. The effect of capillarity and of gravitational
forces has been related to:thie pheuomena but little dataehave‘been reported
‘showing the history of saturation distribution during ‘the drainage period

This was the purpose of the study.' ;




The.drainage tests were run in ﬁwo 8-foot vertical tubes, of Zminch
and 4~inch standard w*oug%t lron pipe, respectively., Each tube was equipped
fwith a water jacket, which could be kept virtuaﬁly isothermal (?floF). Core
nipples for taking samples of sand were inse ttd at 6-inch intervals. The
bottomlof the tube was fitted with a short 3/4-inch nipple, into which was
inserted a 1/4-inch nipple perforated by mamny very emall holes. To prevent
loss of fine sand from the tub@,-a 100-mesh copper screem was goldered imto
pdsition covering the perforaticns. A pressure chamber for filling the tube
was equipped with a calibrated gl&éﬁ tubé for detarmin&tian of the amount of
1iquid that flowed. The tube was packed with a Wilcox sand by tamping and
vibrating the tube with blows of & hammer. (This sand was uncongcolidated
and consi sted of well-rounded graims of quartz of average diameter--0.0055
inch.) Porosity was calculated to be 31.9 percent. All subsequent packings
pto&ided'subétantially the same p@rosity.

The sand-pa acked tube was filled with liquid, which was forced up
through the base of the tube. Liguid was discharged from the top of
the tube in an amount equal to or more than the volume required to £111 the
pore space. The tube wzs then allowed to drain for several hours and again
refilled similarly. After this second £illing, which was necessary in order
to assure conaistent'r gults, the tube was ready for the drainage runs.

At'comﬁletioniofldrainage, or at any time when cores were desired, the
piﬁgs in the}core.étations.were pulled and samples were taken by means of a
cork borer. All saturation date were .claculsted in per@emﬁage by voluﬁe of
reservoir flﬁid per unit volume of pore épa&e. Water, heptane, and Wilcox
crude oll were used.
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A comparison of the equilibriumvdfainage curves for the Above'liquids
were shown in graph form, | |

Historical data on the drainage sequence was obtained by stoppihg each
run when the tube was partly drained and by quickly removing coré samples
in Qrder frbm top to bottom before any apﬁreciable changes could take:
place in the tube. The cawities caused by taking these corés were filled

with fresh sand before the tube was refilled with liquid. The runs checked

R
i wthin b

o1 g

.0 percent for the final equilibrium saturations. However, for
smmplés taken at partial drainage, the checks were poorer since fhe cork
borer evidently forced some of the crude away from the sampler.as ith
penetrated the hiéhly saturated sand.

The effect of temperature on drainage was determined. Using Wilcox
crude oil, the rate of flow was proportional to the temperature in.the
early?stages, but towards the end of the producing life, fhe rate at 13d°F.
fell below tha£ at 100 or MSOF° The same relationship held t;ue fo; 3 runs

on water at 64, 100, and 130°F.

Staple, W. J., and Lehane, J. J., 1954, Movement of moisture in unsaturated

solls: Canadian Agr. Sci. Jour., v. 34, p. 329-341.

Measurements of soil-mbisture.movement under isothermal conditions
from near saturation to an air-dry condition were reported principally for
sﬁrface-samples of the Wood Mountain clay‘loam, a soil having a field capacity
of 22 percent and a wilting point of 9 percent.

Air-dry soil was packed into cylinders that were 9 to 15 inchesAlong°
Water was added to the top of the soil column and the soil was sampled
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evé}y 1tod days for a pefiod of 2 weeks.l Different soil densities were
obtained in the sbil’cyliﬁders by changiﬁg both the quantity of soil added
between tampings and .the amount of tamping. The moisturé movement at dif=-
ferent moisture céntents was calculated from the density of the soil and
the moisture contents af differentxdepths and time intervals. The moisture
movement was converted to capillary conductivity by diQiding the améﬁnt of
moisfure moVing past each level by the pressure grédient'at that depth.
Moisture gradients were converted to pressure gradients from capillary-
tension data obtaineé by'fhe pressure-plate and pressure-membrane methods.

B Cépillary coﬁductivity increased from a miqimum near a moisture content
of 15 percent to high valﬁes at a moisture confent above 23 percent. Con-
ductivity increased with:soil density, with the;é;eater increases occurring
at the higher moisture contents.  Conductivity dropped sharply near fhe field
capacity 5t‘22-percent moisfure but’appreciableﬁﬁovement continued to a mois=-
ture conterit- below 15 percent.

Steérns, H. T., Robinsdn, T. W.; ;nd Taylor, G. H., 1930, Geology and water

resources of the Mokelumne area, California: U.S. Geol. Survey Water-

" Supply Paper 619, p. 151-172.

Undisturbed sqilfé%@hﬁﬁ?i;%'water»bearing materials were obtained

during the fall when the water table was at its lowest level. A 4-foot-
square pit was dug within about 4 feet of the water table. A l6-gage
.galvaniéed ifon cylinder of 18-inch diameter and 36-inch length was ééiVEn
into.theAbottom ofbthe pit. .Soil wés excavated from around the cylinder as
'vdriving pfog£esséd; A plate of‘léegage galvaﬁized.iron was jacked under the
cylindef anditheﬁ joinedﬁto.it by soldering. After small-diameter observation

wells were installed in the soil columns, and artificial water table was
188 -



establishee at a high stage.v Measured volumes of water were then withdrawn
and added.alternately and the water levels were,observed.

Two4l§fineh holes were drilled,to the bottom and on opposite sides,ef,
the soil column. Observation-well casing was installed_inleachvof_these
holes, one length perfofated over nearly‘the full length, the other perforated
only in the lower 6 inches. The perforations were of 1/16-inch diameter and

were in parallel rows one-half ine‘~ s

LRI
the soil column by pouring it into the easing whieh had only the lower 6

N
@ew&ez to center. Water was added to

inches perforated. The water was removed from the cylinder by drawing it

up into a glass tube or rubber hose. The amount o; water added or removed
was measured in a gless_gradﬁate. To determine if the water table was level
in the cylinder, the water level in both small diameter wells was measured
with a steel tape.

The time'intervals allowed for the water level to reach equilibrium
were too short--only one was over 50 minutes. Later experiments indicated
,that an interval .of several days would provide resultant specific yield
that was Iarger and more nearly the actual specific yield Greater specific
yields were also obtained for a rising water table .than for a falling .water
table. A consistent variation in the water level in.response to changes of
Water_temperatute intthe cylinders was found in all tests. All measurements
were corrected to a common temperature.

In.ordet that more of the capillary fringe could be included, in later
tests 42=incﬁ éoillcelu@ms.were used. Durinthhese_tests, measurementerf
the,depthQCQ@w&ter were made with an eleetticaltdevice called a micro-hydro-

gage., . This gage measured depths to water to thousandths .of a foot by means

of a slow-motion screw and. vernier assembly.
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Stewart, G. L., and Taylor, S. A., 1956, Field experience with the neutron-

scattering method of measuring .soil moisture: Soil Sci., v. 83, p. 151-158,

Research has shown that the neutron-scattering phénomenon,may be_usgd
to determine soil moisture. Hydrogen huclei‘influence the scattering .of
neutrons and because most of the hydrogen nuclei in soils occur in water,
the .correlation of the scattering of neutrons in the soil with moisture
content is possible. Because this measurement is independent of the physical
.or chemical nature .of soil, variables sgch as temperature, soll texture,
and salt .concentration can be ignored. This report discussed the results
.of 2 years of field experience using this_method.

The portable neutron-scattering equipment consisted basically of a
counting unit and a probejunit° The .counting unit was a,mmdei_lel_pee-wee.
proportional alpha counter used in conjunction with either of two BF3 Chambers
,enricheq with Blo. One was filled at 35 centimeters of Hg pressure with
11 percent Blo and operated from 1750 to 1950 volts. 1Its sensitive volume
was 12.5 centimeters.in length and 1.5 centimeters in diameter. A larger
(35 centimeter in length and 5.1 centimeters in diameter) and more sensitive
chamber was used when .this one proved to be somewhat inadequate. Two neutron
‘sources .were. used; one.consistgd.of an.8 millicurig. Ra D=Be,capsu1es, 9.5
miilimeters_inklenéth and 7 millimeters in diameter, (with a neutron flux
of<60,000 neutrons centimeter°2 sefcondﬁ1 per capsule); the other weaker

source consisted .of 1 milligram RaCO Be capsule with a neutron flux of

3
. 4 = @

1.5 X 10" neutrons centimeter 2 second 1 and dimensions of 7.5 millimeters
in length and 7.0 millimeters in diameter. The neutron meter was.calibrated

in the field using material ranging from inorganic sand to clay soils.




Undisturbéd moisturevsamples.approximately 14.8.qeq;imeters long were
taken in 1~incﬁ auger‘holes usiﬁg a chgﬁﬁimeter brass_;ubg. iA-cutting
edge of flét séring steel welded inside the tuﬁe cut a ééﬁple éiigﬁtly
smaller than fhe tube. The thickness of sample was limited by a spatula
inserted in ‘a 'slit cut into the sampling tube. -Samples were taken at 10-
centimeter intervals to a depth of approximately 160 céntimeters. Unit
weight and moisture content were determined gravimetrically.

" After the undisturbed moisture samples were collected, the hole

Y

was enlarged to accommodate an aluminumn access tube with! n outside

bt - BRI
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diameter of 5.35 centimeters and a length of 180 centimetérs.Qhﬂﬁhg§ﬁ§§étgr.b

readings were then taken aftéﬁjsteady state was redched at. approximately
lo-centimeterAintefﬁals as the probe ‘was pulled up the access tube.  Depths
were ﬁe&Sufed'from(the-soil surface_to'the cénter of the sensitive zone 6f
‘the detector tube,

The standard used consisted of a 1,000-milliliter graduated cylinder
placed secure1y~in‘thé center of a container 60 centimeters iﬁfheight.and
20 centimeters in diameter. The space between the cylinder and the glass
" walls was filled with Water. The hydrogen in this given quantity of water
“provided a standard source of counts.which .could be compaféa.With counts
jfrom the soil moisture. Readings were_takeh béfqre or afﬁer each profile
.or at intervals during the day.

Theﬁé&f&ﬁration'curve and its equation és_determined'from linear
fegreSSion-were shownfd For the 30«&6-125@centimeter depths, R;='0.36ﬁF0°15;'
where R represented the ratio of volume of water in the sample to its bulk

volume and was called the water ratio, N was the neutron count ratio of




soil to standard., The relative association of count ratio to water ratio
was given by the correlation coefficient (r) which for the above calibration
curve was 0.95. This curve did not include the surface soil because near
the surface (0 to 30 centimeters) there was a strong tendency for the
moisture content as measured by the neutron method to be less thén_true
value, apparently because neutrons escaﬁe from the soil.mass'and thus were
not detected., "If each depth was calibrated separately, the correlation
would Be improved.. The l5-centimeter depth had too low a value, so in
using this method, the surface soil shouid be calibrated separately, whéreas
all other points usually can be determined by using the calibration .curve
which included depths:30-125 centimeters. Considering the 30-ito 125-
centimeter depths, the variation was 9 percent of fhe predicated regression
value, This included errors of sampling when measuring R, weighing and
drying‘érrdrs, and other uﬁknown errors. A large part of error in calibrétion
might be attributed to moisture sampling alone. When the instrument was
calibrated carefully, this method was found to be more accurate than
resistance methods, and only slightly less accurate than the gravimetric

Amethod.

Stolzy, L. H., 1954, The effect of mechanical composition and clay mineral
types on the moisture prqperties of soils: Michigan :State Univ.

Ph. D. Dissert.

A study was made of the moisture characteristicé of 38 Michigan soils,
Moisture propérties were determined on cores and bag samples taken from

each soil layer and field-capacity measurements were made on the different



laye:s,a§ter,they.were agtif@ciglly sa;urated,and allowed to d;ain f;ee.
~for 36 to 48 hours.

"The soil ;ores_were taken intq the.labpratory and:tensiqn from 0 to
1 atmpgphe;e Wergﬂdetegmined pn‘the tension table and by the-porousjplat¢'
method. Tensions from 3 to 27.19 atﬁpspheres were determined .on. air-dry
samples_legs'than Z,millimeteys.thigk'by the pressure=membrane apparatus.
Moisture gquivalents, mechanical analyses, and wilting-point determinations
‘were also made on the soil samples.

The Norelco X-ray spectrometer was,use& to determine the types and
amounts of the,clay minerals montmorillonite, illite, or kéoliﬁite.occurring
in Michigan sqilsf_ Illite was thg predominant,clay and montmorillonite
was the.leastAcommon=f1eSs than 20 percent.

The,data ﬁorithe diffeyen; layers of each soiljwergjtabulated and
the moigturé=release curves were{drqwn. ihevfield capacity, moisture
equivalent, and the wilting goint were indicated on the release curves.
TheAdrqp invmqigtqrevtgﬁsion_frqm 1 to 3_atmosphe;es,especially iﬁ the
A_ horizon (ploﬁgd surfacehhprizon)?Aipdicated tha; soil structure was
still a factér to be congidered in moistufe studies above 1 atmosphere.

The.relationships of field capacity to moisture equivalent, to 0.06<
atmosphere tension, and to 0.33<atmosphere tenéion,,were studied. The
relatiqﬁshipS'of'field capacity to moisture équivaléhf for Michigan éoils
were similar to those.found by other soils investigators inidifferenﬁAparts
of the country. Samples with field capacity values below 12 percent have
a much lower moistupg gquivglent, Those With mpiﬁturé equivalent o£.12_to
22 percent approach but are still lower than field capacity. Samples with
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moisture equivalent above 22 éercent have lower field capacities. The
0.06~atmosphere tension was the best measufe of field capacity on samples
below l2-percent moisture while a tension betweemj%db atmosphere and 0.33
atmosphere would be the best measure of field capacity above 12 percent.

The permanent wilting percentages were determined on the stems of
tomato plants and then compared with the 5;;&84; and l5-atmosphere tensions.
The permanent wilting percentage approacﬁed most nearly the 5-atmosphere
tensions with the line of best fit falling between 5- and .8-atmosphere
.tensions.l | |

The percent of available water in the different zones of surface
soils varied from 4- to l6-percent moisture when the clay content of the
sdil sample was less than 28 percent. This,decre%&ed-with.higher percentages
of clay. Subsurface samples with clay content of less thén 18 percent had
from 4 to 10 percent available moisture whereas available water for sub-

surface samples with clay content higher than 18 percent decreased with

increasing percentage of clay. (Modified from author's abstract.)

Stone, J. F., Kirkham, Don, and Read, A. A., 1955, Soil-moisture determination
by a portable, neutron-scattering, moisture meter: Soil Sci. Soc.

America Proc., v. 19, no. 4, p. 419-423.

The aim of this paper was to describe the operation of a portable,
neutron-scattering, moisture-measuring device which-differed from previously
reported devices of this type as follows: A fast neutron source in the
form of an annulus was placed about the center of a slow neutron-detecting

tube, glow transfer tubes were used for absolute neutron-count determinations,




and a calibrating volume of paraffin, which was also used as a neutron
shield, was incorporated as a part of the source-detector carrying case,
to permit simple field checking and standarization of the device.

The positioning of the annular neutron source compared.to end
positioning increased the number of slowed .electrons which return to the
.detector for a .given soil-moisture petcentage, and, hence; increased ifs
sensitivity to detect moisture. The volume of soil sampled was also reduced
so that changes in moisture for 3&%6 6-inch-depth increments could be
" detected. ”

A special sampling tube, a tip fastened on the end of a mgtal tube
of the samg_tube stock, was designed to take 3-inch samples 1.87 inchesi
in diameter to a depth of 30 inches{

The soil-moisture meter was calibrated. by using‘thé paraffin pf,thé
shield as a standard. The shield was then removed, . the probe lowered ;‘
into the hole, and readings.taken at 3-inch increments starting with the
neutron source at 4.5 inches depth and continuing to 28.5 inchesf,:The‘
ratio of counts for the soil to standard for a given time interval (30
seconds or 1 miﬁute)'was taken as a méésuféfbf sbil,mbistufe. Three
readings were taken at each depth. Gravemetric samples were taken at 4
locations, each within 1 foot of the access pipe. The.Calib}ation was
madé on 3 soils ranging in type from sand to clay and in moisture content
from 9 to 50 perceﬁt.

To determine the possibilﬁtyvof obtaining more discrimination between
varying moisture regions in the soil profile, all but 2 inches of -the

center part of the detector tube were.shielded_by'_adﬁgyﬁ 1/64-inch thick.




Using tﬁis shield, an experiment was conducted to see if a wét-dry front
could be .detected in a 32-gallon can.fitted with an access pipe and filled
with dry and wet sand. The moisture content was made 45 percent in the
bottom and 3.5'perpent in the top. For the profile below 6 to 9 inches, the
equiément employing,the.égﬁgihm“shield generally gave the soil moisture per

unit soil bulk volume within the range of the standard deviation of gravi-

i
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metric determinations. Graphs of the wetted-front laboratory experiment § V
showed that the front could.definitely be picked up by the shielded‘probe
and that closer.agreement with true moisture contents of the dry and wet

portions of the column was obtained.

Tanner, C. B., Bourget, S. J., and Holmes, W. E., 1954, Moisture-tension
plates constructed. from Alundum filter discs: Soil Sci. Soc. America

Proc., v. 18, no. 2, p. 222-223,

" An Alundum bofous-plate unit was described that could be used in
tension systems up to a moisture tension of 0.15 atmosphere. It was
reported to be more economical and convenient to assemble and was more
convenient to opéréte‘than similar tension apparatus. Advantages over
‘“"blotter-type" tension tables were its use at'higher tension and its‘ease
of being placéd into operation. The primary édvantage‘of this plate over
the asbestos tension table, ceramic andtfrittgd-glass plates used in tension
systems, énd'the porous plates used in pressure systems, was the economy of
the apparatus and the convenience and simplicity of construction which required
no machining or Other-special fabrication techniques. Basically, the

system consisted of an Alundum plate backed with rubber. A valve stem




was connected to the rubber and ;gnsion“wagiappliedlfrom‘the,valvek

stem. .

Terwillinger, P. L., Wilsey; L. E., Hall, H. N. and Morse, R.WK;, 1951,
An experimental-aﬁd théoreticaliinvéstigation of gravity"drainége
peffdrmancei' Am. Inst. Mining Metall. Petroleum Engineefs Tfané;,

v. 192, p. 285-296.

.The purpose of the paper was to giveuexperimental data on ;he per-
fqr@aqpe of a cénstamt-pressure, gravitnyrainage.system‘over a wide
range in producing rates and to present a method by which accurate
‘prediction of the performance of a gravity-drainage system could be ﬁade.

The eqﬁipmeﬁt‘ﬁsed was a 1ucité tubé 13 feet léng'aﬁd 2 inches in
;diameter, verticéliy‘modnted”and pééked by mechanical'vibfation,;ﬁith a
clean silica sand. To eliminate boundafy flow aléng'the'wali of’thé tub-
ing, the lucite was‘hgg;edfanq,under pressure cau§e§'to;conform to §he
outside surface of thg $an§ grainsf_ Sa;uration‘distributions of 0.25
norma@féqdium-chloride,brine in the gqlgmns'wgre measured ét Sfcentimeter
intervals by an electrical conductivity mg;hod.u Capillary pressures were
dgtermiged by allgwing thg column to drain.ngar_the top of the system
ghroughka siphon_open‘tq tpe atmosphere. When,equ;librium-was reached
(when no change in saturation coqld be noted), the.conductivity profile
\bwashmeagured and production started,at_a.constgnt rate through a metering
pump éonnected to.the bottom Qf‘the system. A constant nitrogen pressure

of 50 pounds per square inch was maintained at the top of the column.




The conclusions indicated that recovery to gas breakthroﬁgh by gravity
drainage was inversely proportional to rate, and that the gravity drainage
reference rate (maximum theoretical raté of gravity drainage) was not sig-
nificant in recovery unless thg relative'permeébility, capilla;ywpressure
characteristics), and'displaciné\fluid viscosities were identical for the
systems compared. |

Close agreement between experimental and calculated drainage perforyp-
ance proved that steady-state relative permeability and static éapillary-
pressure data can be used to describe fluid displacement behavior.

'~ The author showed many graphs to substantiate his data; among>§hem,

those showing change in saturation with time.

Thomas, M. D., and Harris, Karl, 1926, The moisture equivalent of soils:

Soil Sci., v. 21, p. 411-424.

A study of the moistureeequivalent method as it was affected by the
amount of péterial centrifuged, by the texture and chemical treatment of
the soil, and by thé nature of the outside boundary, led to the foilowing
conclusions:?

(1) 1If the sample size of very coarse and very fine soils was in=
creased, the amount of water retained was reduced to aigiight extent
whereas with soils of intermediate texture greater effects were evidént.

(2) The moisture gradient in the soil mass, opposing the centrifugal
force of the machine, also indicated a similar maximum with intermediate
textures. Very fine-grained soils had a nearly uniform moisture distribu-
tion at equilibrium.
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(3 A period of many hours centrifmging,wao often_reqpired to
establish'capillary equilibrium in heevy>cleys;emo ;ﬁ Vemy fime‘s;its; -
The slow movemencjéffmater through a silt_mas-shown érephically,_ :; 
| 4) When 107 co_25=grmm eamples mere centrifuged{ silt oi—f_aboutj~
10-micron average diameter)retained more water than silt of §émicron »
average diameter. This excess of water decreased with the ihcreasing
nglze of the sempleo

(5)‘ The very fine sﬁlts had e‘lower apparemt specific gravity than
the heavy Tfemton clay,-amd also retained as much or more water. Capillaries
in the silt which the centrifuge was unable to empty possibly were filled
entirely with water, whereas in the c1ay the corresponding interstices
contained some colloidal material.

~(6) - As the capillaries of the outside boundary were reduced in
size, the adjacent soil became drier as reflected in the moisture content
throughout the whole soil block ' This effect conformed quantitatively

to the thermodynamic theory of capillary equilibrium.

(7) When the replaceable base of a clay was g 4;yf, wg%ﬁﬁ%ﬁﬁgthééF'
impermeability, and probably also the equilibrium m01sture~retaining
power, were greater than when the replaceable bese was potassium, ammonium,
calcium, aluminumy or hydrogem The collodial swelling was enhanced by

CHE 5
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Thornton, O.‘F.,'Mﬁrshall, D. L., 1947, Estimating interstitial water by
the capillaryépreséure,method:- Am. Inst. Mining Metall. Petroleum

Engineers Tramns., v.170, p. 69-80. .:
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Several methods are used for estimating the interstitial water
saturation at given points within oil and ges reservoirs. This paper
discussed the capillary-pressure method and related it to. results obtained
by other means.

In this method, the core sample was placed in the laboratory under
capillary pressure existing at the depth the core was obtained. This
apparatus used a metal cyﬂinder‘with a remo&able pressure~tight cap through
which pressure could be applied. The base of the cylinder was closed
with a membfane which waé permeable to water but impermeablevto air at
specified pressure differentials. Cores were cut to convenient size,
extracted with carbon tetrachloride and acetone to remove oil, and dried
to constant weight. The samples were saturated under vacuum with treated
formational water. After the samples were saturated and weighed; they
weré placed on the.membranesvin the core holders and a constant air pressure
was applied through an .opening iﬁ,the»top cover. When equilibrium was |
indicated by the constant weight of the core éamples, the water saturation
was cpmputed by difference between the dry weight and the weight of the
partially saturated core. The pressure difference between the air and
water phase, or capillary pressure, was equal toAthe gauge pressure of
the air.

The author compared interstitial water as obtained by retorf dis-
tillation at above 400°F, as calculated. from the salt content (obtained
by titration) of the core of known salinity, énd as obtained by the
capillary-pressure method. The percentage of interstitial water by
distillation was higher than the close agreement obtained by the capillary

and salinity methods. L
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On comparing the interstitial.water obtained by the capillary method

and that calculated from the electric log, some agreement was achieved .
-provided the log was obtained and interpreted as follows: Use the resis-
tivity recorded with normal electrode arrangement and 16-inch spaéing,
assume no invasion, assume no bed thickness correction, assume formation
factor based on m (slope of line representing the relationship between
formation factor and porosity) of 1.5, assume resistivity of water equal
to 0.030 ohm-meters, and assume avéfage porosities.

The agreement between capillary pressufe and other methods indicated
that the capillary-pressure method properly applied yielded results
sufficiently accurate for most engineering purposes. - However, it was
§qmgWhat fime consuming and could not be applied where coreslwerevnot

available.

Van Bavel, C. H. M., Héod, E; E;, and Underwood, Newton, 1954,.Vertica1
resdiﬁtion in ﬁeufron method for meaSuring soil moisture: Am.:Gebphys.

’ Unioanrans.,'v. 35, p; 595=-600.

This paper reported the results of an investigation of vertical reso-

1utipn,'th¢ thickness of the layer of soil that significantly determines

the counting rate that is observed in measuring soil moisture.

The equipment consisted of a fast neutron source and a slow neutron-
detecting deviée in close proximity. It used a 10-millicurie Ra-Be source
and a BF5 filled counter (2.5 x 30 centimeters). Rates ranged from 16 to
2 counts per second. The sensitive volume of the counter was partially

shielded by pushing a sheath rolled from 1/16-inch metallic column over
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éhe tﬁbe. Before eéch logging, a.standard run was madé in a defined
volumé of water. R

The first séries of experimeﬁts utilized a 55-ga110n.Barre1 filled
with saﬁd or goil at uniform moisture content. The moisﬁure confent énd
bulk density were carefully determined throughout the entiré barrel. The
source-counter assembly was moved inside a thin-walled alﬁminum pipe,

7.5 centimeters in diameter, placed centrally in the barrel and the count-
ing rate was determined at 5-cent%%eter intervals over the entire vertical
extent of the barrel. A minimum of 6,400 counts were taken; thus giving

a standard error of less ‘than 2 percent;

The'objective of the first set of experiments was to détermine the
depth below the surface and the height above the bottom at which the
maxim;m céunting rate would be attained, and the effect of moisture content
thereon. On plotting the depth of éource below the surface against the

counting rate, a plateau-like curve was obtained at differing depths and
for different moisture contents. By subtracting the length of the plateau
in centimeters from the height of the barrel, the vértical resolution was
._obtained. The vertical extent of the soil layer contributing 95 percent
of the measured counting rate ranged from 65 centimeters with very dry
material (4.4°percént water by volume) to 45 centimeters with saturated
material (38-percent water by volume). Partial shielding of the counting
tube with cadmium foil made it possible to increase the vertical resolu~
tion at the expense of the counting rate. This meant less accuracy or a
long counting time.
In a second experiment, bags filled with wet sawdust (approximately

100-percent moisture by volume) were stacked around the barrel to determine
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whether or not the barrel was larger in the horizontal directlon than the -
"sample" being measuredpi The results indicated that the bags of wet a
sawdust around the barrel apparently did not increese the counting rate
"?appreciabl;; when the moisture content was 28.4 percent by volume and
increasec the counting"rate only 6 percent at-a moisture content of é
percent by volume Howevery for moisture'contents below 5 percent, the
barrel was not "infinite" in the horizontal direction and the counting
rete was, therefore,‘too lon,
| VThe conclusions regarding the use of this equipment were as followe:
.(1) “The method.nas simple in practicel applications

(2) The. equipment performed dependably and was not excessively
exoensive, | |

(3) An accuracy of about 3 percent in moisture‘content by volume i
"requlred about 3 minutes of counting;
(4) The verical resolution appearedvto be smalier than would be

,desired for most work

(5) Partial shielding of the counter was shown to be rather ineffective.

Veihmeyer, F. J., 1927, Some factors affecting the irrigation requirements

" of deciduous orchards: Hilgardia, v. 2, no. 6.

Early: in 1919 a'system of soil sampling was begun in the Santa Clara
‘Valley; Calif. to study the moisture behavior of soils in response to
different irrigation practices in the prume orchards. Moisture-equivalent
determinations were made on many samples and the plan was to record per-

centages of moisture as ratios of the moisture equivalent, or of any of its
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related soilfméisture constants. However, wide variations were found in
the moisture equivalents after repeated determinations were madé on the
same sample of soil.  In spite of the variations'in moisture equivalent
and consequently in the wilting coefficients that were calculated from
them, reasonably close agreement was obtained between the wilting co-
efficient and the field moisture content determingd-at wilting point for
the trees. The author determined also that the movement of moisture
frpm.moist soils in contact with dry soils in colummé over a 4%-month
period was small. The results of these studies indicated that when the
soil was not in .contact with a free water surfape the capillary movement

of moisture from a moist soil to a drier soil was probably too limited

it

in exfent and in rate to be important for plant use.
N, 'w‘. “v,.‘t';"‘"‘ T ‘ ‘

Veihmeyer, F. J., and Hendricksom, A. H., 1931, The moisture equivalent
as a measure of the field capacity of soils: Soil Sci., v. 32,

no. 3, p. 181-193.

Field capacity, as determined in this study, indicated the amount
of water held in the soil after the excess gravitational water had drained
;way and after the rate of downward movement had materially decreased.
The moisture equivalenﬁ was found to be a close measure of the field
capacity of deep, well-drained soils that had no decided changes in
texture or structure with .depth and that had moisture equivalents rang-
ing from about 12 to 30 percent. Below 12 percent, however, the moisture
equivalent was less than field capacity. Field-capacity values were ndt

determined for soils that had moisture equivalents greater tham 35 percent.



The moisturg.equivalen; qf:;he mediumwtgxtureq soils gave a reasqpab;e:
.Value'closely related to texture even though the structure of the sample
used in making‘the>moisturefequiva1entfdétetminagion.was changed_frqm
that found in the field.

The authors stated that a rather definite soil-moisture content
'existgd>which, if measured within 2 to 3 days after_a,tain-or irrigation,
could be assumed to be fig@d capacity providing no discontinuity of
structure or‘tgxturg,qccurred_in_the soil strata and providing_thg water

table was absent. .

Veihméyer, F. J., Isféels@n,'oo W., and Comrad, J. P., 1924, The moisture

li,?ﬁ%ﬁ%ﬁﬁ@iﬁﬁt as influenced by the amount of soil used in its determin i

pation: California Umiv..Agr; Expt} Sta., Tech,'Paper'IS, 61'#.

'Mbistufe'éQUiValen£34deﬁermined.by the Briggé and McLane procedure
were obtained for samplés 6f six soils. As fhe size of the SampIé'Qas
increased, the percentage of water retained decreééed,'the'diffefehce
being greatef with smalllsamples than with large ones. Clay goils,became
immgrmeable to water duringngntrifugiag.when the amount of soilxplaced
in the centrifuge cup was imcreased,‘ Some clay épils would re-absorb the
supernatant water when the éentrifugal force was relieved.

Thifty»gram samples of.Yolo clay loam werevusgd to test the effecf
of thg duration of centrifuging on the percentage of moistpre retained°
Im_gengral, a gmall decrease i@ moisture content occurred with increased

time of‘centrifugingo .
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The.effect of the length of moistening periods.of 2; 6, and 24 hours
upon the percentage of moisture retained by various weighis of samples%
was determined. The percentage of moisture retained increased with ti;e
of wetting, and was signigicantly highér after the 24-hour wetting.  F6r
all periods of wetting, the percentage of retained moisture'decreased
when the amount of soil used in the determination was increased.

Changing the weight of soil per unit of cross-section had a direcf
relation to the percentage of moisture rgtained and further suggested
'thét no variétionvoccuired in. the percentage of moisture retained norﬁal

to the radii of the centrifuge.

To determine the amounts of moisture held in thin layers of samples,

~dried separately. Tﬁese slicés ;ere at least 2 millimeters thick and
were made by a special microtine. Results indicated that within a 60-
gram block of soil, the moisture‘content increased from the inner to the
outer surface, but that the rate(of increase was less than that resulting
from reducing the size of sample from 60 té 5 grams.

.' Separate detgrminatiqns were made of the apparent specific gravity
of ﬁhe,volume of different weights of spil after centrifuging. The
paraffine~immersion method and the direct micrometer method were used

in making-these{% determinations. The apparent speéific grayégxwﬂ

was found to increase as the weight of the sample was increased. For
successive thin layeré}of soil in a 60-gram sample, the apparent sPecific
. gréviﬁyFiﬁcrg552dﬁsi§ﬁigié§nt1§ from the inner surface outward to a point

vy
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about 6 millimeperg yighgn thelgamggg, bqung:which.it_remained almost
constant to tﬁe_qq;grhsprface. f |

»Presgqrgs_éf different ﬁagni;ude were app}ied artificially to different
amoun;s of soil. The results indicated that an increase in ;he magnitude
of.thé compréssing force decreased the percentage of moisture retained
against the_qemtrifugal force.

The percentage of the pore space occupied by water in centrifuged
samples qf diﬁferent”§oils and in different weights and successive layers
Aof'soils indicated ;ha; the amount of water retained against the centrifugal
fofce was not limited by the pore spate. The outer layer of a centrifﬁged
blpgk of fine-textured soil might be saturated or nearly so, but the’limit
k.of the amount of water reFained by_thg spi1 agaimgt(the,centrifugal force
Awas.no: determired by the pore space of the entire block of soil. If
precisiqn was desired, the measurementspf the sample by Weight rather
tha?-by measuring cup was necessary.. Subjecting the moist soil to centrifu-
gal force until the moisturenwas in equilibrium with this.force resulted

in the establishment of an equipotential region throughout the block.

Veihmeyer, F. J., Oserkowsky, Jo; and Tester; K. B., 1927, Some factors
" affecting the moisture equivalent of'soilsi Internat. Cdng. Soil

Sci. Proc., v. 1, p. 434-442,

~ Repeated moisture-equivalent determinations of thoroughly mixed
samples ofithe same soil did not give consistent results. As a consequence,
a detailed study of the moisture-equivalent procedure was made selecting

soils that had a wide range of moisture equivalents. A quantity of air-dry
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soil, eQuivalent“to 30 grams of oven-dry soil, was used. The soils were
complétely submexgéd‘im wétery were allowed to drain for 30 minutes, and
,theﬁ.were ;entrifuged:at l,OOOitimes the force of grawvity for a period
of 30 minutes. B

Moisture~equivalent tests made on sampies stored in a moist condition
were in some imstances different from moistu;e equivalent tests made on
air-dried samples. Air-drying the maist samples apparently restored the
soil to a condition that gsve about the same moisture equivélenﬁ as thé
original air-dried samples.

A study of'the comparisoﬁ of oven-dry and air-dry samples used for
moisturEGequivaleﬁt determinations indicated thag any changes affecting
the,moisture-equivaléﬁt that take place in ovénwdrying will be restored
on air-drying the samples. However, the autﬁors emphasized that this
‘restoration could be a slow process.

Machine grindfng; pulverizing fhe samples with mortar andipestle,
pulverizing the sample.by rolling, and forcing the soil through a sieve
with the fingers gave different moisture equivalents. Variable results
were obtained between bperétofs when the samples were pulverized with
mortar énd pestle and pulverized.by rbllingu Consistent results wereA
obtained between operatots when the soil was forced through the sieve
withbthe preasﬁre of the fiﬁgef8~ Standardization of the machine-grinding
method of préparing»the samples seemed impractical.

The results from a study on the effects of puddling of a soii sample
on the moisture equivalegt indicated~that no unusual precautibm needed to

be taken to guard against jarring the samples when they were saturated.
A yoh - .



The difference in the moisture equivalents obtained by wetting the
samples from below and by co&pletely submerging the samples in water wés
" not significant; - A study of the effect of the length of time that the
soil was keﬁt moistened before centrifuging showed that in general the
ﬁoiétureﬂeduivalents increased with increased duration of thé-satufation
period but that the differences between the moisture equivalents of samples
saturated for 9 to 12 houts and 24 hours and for 24 hours. and 46 to 54
hours Were;very'smalik |
Thé.diffeteﬁées in moisture equivalents obtained when the temperature
of the air in the room varied were small. However, a small dectease in
the moisture equivalent was observed when the temperature at which the
soil was stored was increased.
Observing all the p ‘‘‘‘ ecautions found to be necessary as a result of
this investigation; moisture-equivalent determinations were made on 28
" soils. The data 1ﬁdi¢atéd.ﬁhat the moisture-equivalent determinationms,,
4wﬁeﬁ.propefiy made; could be used with confidence. |
The authors stated that tﬁé points to be em ha31zed in the moisture-
equiVéiént procedure were as follows: |
(L) Moisture equivalents should be made on air-dried samples only-.
(2) Soil should be crumbled and forced through a 2=millimeter sieve
with fingers only. Latge lumps céﬁid be broken by mechanical means if
cate were taken not to pulverize the soil.
(3) Ko special care needed to be taken to §ﬁﬁath'ﬁhé§§UffaCé of
the soil in the cups. Ta apping the cups lightly to level the surface of;

the soil gave satisfactery results.
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(4) For usual purposes, samples could either be wet from below or
completeiy.submergedv

(5) Samples should be saturated for about 20 to 28 hours.

(6) Temperatgre durihg satﬁfation, as well as during centrifuging,
should be aboug 20°c. | |

(7) No special care needed»to.beitaken to balance the load in the

centrifuge if the proper speed was maintained.

Vomcil, J. A., 1954, In situ measurements of soil bulk density: Agr.

Eng., v. 35, p. 651-654.

‘This paper'presented.a method of determination of bulk density that
did not require the removal of a large sample but one that took advantage
of the properties 6f a radidactive material for measuring purposes.

This method employed a two-probe system instead of the usual neutfon
meter employiﬁg a oﬁe-probe system. By this system tHe deﬁsity of a layer
2 or 3 inches thick and within 3 inéhes of the surface could be measured.

The probes Werg'two aluminum tubes, with 1 inch outside diameter i
and a wall thickness of 0.064 inch, fastened together near one end by
two lengths of 2- by 3-inch oak wood so the distance between them was'1
12 11/64 inch. The cobalt 60, consisting of an 8-millimeter section of
l-ﬁillimeter wire contained in a hollow aiuminum wafer, was housed in
one probe. ‘A secopd‘wafer, riveﬁed to the first by an off-center rivet,
served as a lid. Lead plugs 2 inches long were fitted abdve agd below
this source. The oﬁher probe contained a Geiger-Mueller detector tube
in a side-window'shield with a 10-foot éaaxia} cable.
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Calibration was necessary to relate the system to soils of unknown
density before it was used. The calibration»was made in a steel cylindrical
tank 16 inches in diémeter and 30 inches in depth. Two aluginuﬁ,tﬁbeéA>
with insidé‘diameterJof 1.1 inch and wall thickness of 0,035v1ﬁch,were.
fixed in the tank so that the probes could be lowered im them. . The tank
waé filled with soil whose bulk density was determined by its mass and
volume. Tramsmittancies of a number of soills at differemt bulk densities
and moisture contents were determined in the @alibration chamber. "The
gamma-ray intensity transmitted was plotted»against wet bulk density.
Eight-readings at l5-second intervals were madé giVimg a probable éﬁror
of ‘1.5 percent.

For field use two properly sized holes_spa@ed‘lz inches aﬁart and -
pafallel to one another were bored to 4 imches below the desired dep;h |
of measurement. The soll from these holes was saved for moisture éetermiﬁ‘
natiop. Using these data the wet demsities could be corrected to dry-
bulk densities. The measuremenﬁ of a series of counts was then made ét
the desired.depth and the average of these compared omn the calibrétion
graph for conversion to wet-bulk density.  For parposas of spacing and
alining the preparéd holes, a guide constructed of two stainless-steel
tubes was used. The mﬁximum.depth of measurement depended 6n the length
of the probe.

To investigate the border effects; a woodem box 2 by 2 by 7 feet was
use& and steel partitioms imserted perpemdiéuﬂarly to the length in fwe
positions. Then several different soil and metal arrangements weré ﬁés&eéa
The differences in countiﬁg rates due to differing border conditions all
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'we?eAfound to be iess:than the probablé‘error 6f measurements. Comparing
*ﬁhe;e witﬁlbulk dehsiti 5y the core;sampler method,  differences ofboniy
_ :Oﬁ to .03 gram§ §er ceﬁtiméter wéte féund between -the methods.
| To cérreét for decay‘changes in the cobalp 60 and for o£her changes in

ghe system, monthly calibration was necessary. The lead shield and a container
of water (same container and.deptﬁ eéch time) were found to provide continuing
calibration for the system;

nA,lead shield 1% inches in tﬁickness and iong enough to cover the

source was usedfto cover the probe when it was out of the hole.

Wenzél,‘Lq K., 1933, Specific yield determined from a Thiem pumping‘testz

Am. Geophys. Union Trans. v. 14, p. 475-4717.

In 1931, a pumpingttest was made in the Platte River valley, in
Nebraska, to detefmine’By Thiem's methqd the permeability of the water-
bearing éand and gravelhthat underlie the area. The well was pumped
continuoﬁsly for 48 hours and measurements of the discharge were made every
50 minutes. Measurements of water-level changes were made in 80 observation
wells located witﬁin the area surrounding the well (maximum radius 1,200 feet).

-Thié paper presented a method for determining specific yield based on
the Thiem equation. | | |

Using the measurements 6f depths to water in observation well, draw-
down curves were plotted for each well and profiles wToﬁg a section parallel
to the direction of naturgl ground-water mqvement were §Onstruqted of the
Qone of depression after 2, 6, 12, 24, 36, and 48 hours of pumping. Thé

total volume of sediments unwatered in each of the successive periods .and
252



the volume unwatered in each ring were computed. The quantites of
4Water that percolated towards the well through each of the successive

concentric.cylindrical sections were computed from the formula Q=PIAT

where
.Q = quantity of water,in gallons a day;
P = permeébility,
I = the slope of cone;éf-depression,
A = the area of the cylinder in square feet,
T = the peridd of pumping in days

A cylindrical section‘of;water~bearing material with a radius of

50 feet was used as the control section. Each value of specific

yield was obtained by computing thg difference between the quantity

.of water that percolated through.the 50-foot cylinder and the quantity
thét percolated through a larger cylinder, and dividing thiS‘difff
e;ence.in,quaﬁtity of water by the volume of materiai'unwatered Befween
- the 50-f60t_cylinde:_and the larger cylinder.

The values of Specific yield computed for differeﬁt_rings;abdut
the pumped well and for Sevéral'periéds were given in tabular form.
The averégé'value of sPeqific yield determined for the last 12 hours
of pumping was 24.8 percent. A sample of the material tha;.was
unwatered during the test was examined in.the hydrologic laboratory
and the specific yield determined from values of moisture eﬁuivaleﬁt
and porosity. Applying moisture equivalent directly as specific
retention, the specific yield of the sample was computed to be 24.5
percent, Which compared favorably with the aveérage value determined

“from this pumping test:
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Wenzel, L.'K., 1942, Methods for determining permeability of water-.
bearing materials with special reference to discharging well

methods:, U.S. Geol. Survey Water-Supply Paper 887, 192 P

In connection with an investigation of the ground-water re-
sources of Nebraska and Kansas, four pumping tests were made to
determine the permeabilify of water-bearing alluvial materials'along
the Platte and North Platte River valleys in Nebraska. Thié repor£
primarily described the invéstiéation,and outlined the‘general meth~
ods of determining permeability in the field and in the laboratory.
However, specific yield (or stérage,coefficieﬁt under waterr table
conditions) was discussed.in.relation to the pumping tests..

The value for fhevspecific yield of a material, as ordinarily
determined in.thé laboratory, is probably not attained in.the field -
except when the water-bearing material is permanently unwatered.

The slow draiﬁage of water-bearing material in the wvicinity of a
pumped well causes the water table toAdeclinebrapidly at first and
then more slowly as drainage proceeds. Many investiggtors have
found that although saturated materials may yield a very large per;
centage of'watef in a few hours that they may continue to yield
small amounts of water for éeveral years. ‘This was sﬁbstantiatéd
by specific-yield data computed from pumpingmpesf records collected
near Grand Island, Gothembergy and Scottsbluff,‘Nebf.

F§r the test near Grand Island, spécifiC.yield was calculated
by the non-equilibrium formula to beA21.7 percent after 48 hours

of pumping. By the Thiem method, the calculated value of specific
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yield was 9.2 percent after 6 hours of pumping, 18.5 percent after

36 hours pumping, and 20.1 percent after 48 hours of pumping. From
this, a much longer period of pumping would be required Sefore true
specific yield would have been reached and the value Qas estimated to
lie between 22 and 23 percent.

At Gothenberg and Scottsblﬁff, the specific yield.determinéd by
the nQneequilibrium.formula was 3.24 percent and 1.8 percent, respec-
tively.

At Gothenberg, computéd values f6r both_permeabilify and specific
yield increased during the period of pumping owing to the slow drain-
. age .of unwatered maéerial. Specific yield increased abouf.BS percent

over an ll-hour pumping period.

White, W. N., 1932, A method of estimating ground-water supplies
based on discharge by plants and evaporation from soil: U.S.

Geol.fSurvey Water-Supply Paper 659A., 106 p.

Methods of méaSuringAdischarge by transpiration were investigated
by experiments'based on .the daily fluctqations of the water table in
Afhe.Escalanta Valley in southwestern Utah. The amount of ground water
discharged daily by plants was computed by the formula q = y (24r & s)
in which q is the depth of ground water withdrawn in inches, y is the
specific yield of the soil in which the daily fluctuations of the
water table take'place, r is the hourly raté of rise of the water
table in inches from midnight to 4 a.m., and s is the nét fall or

rise of water during the 24-hour period in- inches. Specific yield
215"



was the only itgm_that,couldlhot_beldetéfmined readily from auto-
matic records of tﬁe,wéter-téble fluctuations.  To-determihé specific
yield, a pit 4 by 6 feet was dug to a ievel above the water table
equal to the height of several cylinders. The,cylindérs were of
16-gauge galvanized steel, 12 or 18 inches in_diameter, and 182,36}
or 54 iﬁqhesuin length. The lower rim of the cylinders was slightly
leveléd in‘érder to provide a cutting edge. As the cylinders were
drivén_downward-fromlthe bottom of the §it,'the pit was deepeﬁed
keeping the bottom about .6 inches above the cutting edge of the cyl-
inders. This reduced‘the disturbance of the soil column and madé
driving éasier owing to the reduction of friction on the outside of
the cylinder. Driving_ﬁés stopped within a few inches éf,the,water
table, the soil around the,cylin@ér was removed, and a metal plate
was shoved underAthe cylindef and soldered to it, thus confining
the_columq,of.un&iéturbed,matefial iﬁAa‘waﬁertight,vessel. _After
thé bottom was attached, small wells were sunk in the»maﬁerial en-
closed within the:cylindef andbthe éffeqts‘onvthg.ﬁater level in
these wells produced By adding or withdrawing measured quantites

of water were obsérvedr Equilibrium was not established until

about 24 houfs after :he,éddition of water and about 48 hours after
its removal. Pronounced changes in,barometr;c pressure between the
time of addition or withdrawal and subsequent water-level .observax.
tions seriously interfered witﬁ the.reéults; requiring that”ob-
servations only_#e made.in"féir ﬁeatﬂer, 0ccasiona1,cprrections

were necessary to compeﬁsate-for temperature effects on the water
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table. Data were presented in tabular form indicating for clay and
clay loams a range in average specific yield from épproximately 1 to

7 percent.

Wilcox, J..C.,‘and Spilsbury, R. H., 1941, Soil Moisture Studies II:
Some felationships between moisture meaéurements and mechanical

analysis: Sci. Agr., v. 21, p. 459-478.

Studies of the moisture-holding capacity:and other soil-moisture
measurements, and of the relationships between these measurements and
- the téxtural prope:ties of 3011 Were repo;teap

Determinations of the moisture-holding capacity under field con-

ditions, the mechanical analysis, the wilting coefficient, and the
settling volume were mad? on 100 soils. The soils ranged from coarse
sand to heavy clay. Variations in the meisture values were,élosely
related fo diffgrencesvin both the mechanical analysis and the set-
»tliﬂg:volume. The results indicated close correlations between the
field capacity and the percentage of sand, and between the wilting
coefficient and the percentage of colloid. The mechanical analysis
and the settling volume were satisfacfory for use in determining |
the field capacity and wiltingAcqefficient, The authofs' equations
for estimating fiela capacity based on the mechanical anélysis are
listed below: |

Field capacity in percent = (1) - 0.276% sand + 34.28,

(2) - 0.301% sand - 0.0452% clay + 36.435,
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These equations held promise in the area from which the soil samples
were taken. However, they might not apply to other areas where cli-
matic conditions are somewhat different. The first of the equations

was the most accurate.

Work, R. A., and Lewis, M. R., 1934, Moisture equivalent, field
capacity, and permanent wilting percentage and their ratios

in heavy soiig: Agr. Eng., v. 15, p. 355-362.

This paper reported the results of studies of soil-moisturé con-
stants and their ratios as détermined for slightly pervious clay“soils
at Medford, Oreg. Soil samples for moisture determinations were gen4
erally taken in l-foot increments and one moisture~e§uivalent deter-
mination was made for each soil sample. With certain samples, some
indication of puddling in the,Centrifuge.was.evident_aqd'the'moisture
eqdivalent values for fhese,samples seemed high;v Accordingly, sand
mixes were made qf these ;émples and moisture-equivalent determin-
ations were made on the sand-soil mixtures.  This method involved
detegm%ning and élotting fhelmoisture equivalent of four.sand-soil
mixe;. The 4 points were plotted and the .line through themAeXej
tended to 100 percent to give,an.estimate.of,the moisture equiv#i
alen;,of the soils.

.In general, the maximum available ﬁoisture_content,decreased
ﬁi;h depth. However, the moisture.equivalénts for the Medford
soils inéreased with depth to 3 feet'andAweré not equal to field

capacity. .The field capacity was 0.83 of the mdistﬁre equivaient
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in the O to 3 feet average of two heavy soils. The field capacities
L :

on Meyer clay adobe soils usually decreased with.depth._~

Wyllie, M. R. J., and Gregory, A. R., 1955, Fluid flow through .
unconsolidated porous aggregates: Indus. and Eng. Chemistry,

v. 47, no. 7, p. 1379-1388.

The Kozeny equation as modified by Carman relates the permeability
of é porous medium to its specific surface area and porosity. As de-
rived, it applies only under viscous flow conditions and in unconsoli-
dated porous media. This study supportedithe previous views that
the Kozeny-Carman constant is a parameter dependent upon the poros-
ity and particle,éhape of porous aggregates and did not contradict
the limited published data which_advoéate»its successful application ;
to fluid flow through consolidated porous media.

The media used in this study were composed of spheres, cubes,
cylinders, triangular prisms, and disks. These were packed in a
lucite test section, 5 inches in diameter, composed of five 1%-

. inch interchangeable segments held together by bolts and sealed

with O-rings. Pressure connections to each section were made through
piezometer grooves cut into the face of each section. Wire-gauze
supporting screens in turn,su;ported by.%-inch.metal grids were
fitted across the top and bottom of the test section._ Resistance
measurements were mad_e° Fluids (oil, water, or aqueous solutions

of glycerol) were passed through the test section from bottom to

top. To eliminate the difficulty of producing homogeneous isotropic
219 '



packing of a mixture of spheres, a method was finally devised in which

the spheres, after being mixed thoroughly in a funnel-shaped reservoir,
were permitted to fall into a cylindfical mixing chamber. In the mix-
ing chamber was‘a lattice of leingh balls suspended on thin steel rods.
As the mixture 6f spherés fell through the mixing chamber, a random

packing of aggregates was obtained.
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