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Abstract--Observed regularities in the processes connected with the flow and dis­
tribution of water in soils may , if they are sufficiently general , be referred to as laws · . 
of soil moisture. The Darcy equation which expresses the proportionality between 
transmission velocity and the driving force for water in saturated soils is one such. 
regularity that is commonly referred to as a law. Another regularity that applies -· 
without exception whenever outflow of free water occurs from soil , is of the nature of • 
a boundary condition , but is here proposed as a law; namely, " Outflow of free water ' 
from soil will occur only if the pressure in the soil water exceeds atmospheric pres­
sure." Examples for the application of the outflow law are cited and discussed . 
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R£.C£.\\J£.0 N Progress in science and engineering has been based largely on the discovery and use al rip 

f.Ot-/lC lar ties that occur in the processes of nature. The recognition , verification, and concise sut.­
ment of these regularities constitute one of the prime objectives of organized experimentatioa '.'· 
and research . Sometimes we seem to get lost in our forest of experimental facts. When faced . 
with the task of correlating and understanding a maze of seemingly unrelated observations It Is · 
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comforting to consider the simplifications brought to chemistry by the laws of stoichiometry_. 
the atomic table. It is helpful to think of the tremendous advances made possible in electrical 
enginee r ing by the Maxwell equations and the brief and concise laws named after Coulomb, Ola. 
Far~day, and Ampere. ·j.~ ' 

The important relation.of soil moisture to man's welfare has stimulated continuing investl• 
gations in agriculture , geology , soil mechanics , ceramics , and allied fields. As a result , a ma­
tiplicity of observations and facts have accumulated. Unfortunately these are not very well ~ 
lated or understood. Few regularities in soil-moisture processes have been discovered and """ 
c learly formulated. It is the purpose of this paper to promote and encourage this process b1 -~ 
reference to two general principles . One of these is widely recognized and commonly referreil . 
to as a law , the other deserves wider recognition and use by students and investigators and~ 
haps deserves to be dignified by designating it as one of the laws of soil moisture. ~ 

Darcy ' s Law--DARCY (1856] reported that the rate of flow of water through sand filter~--
was described by the equation ~~ 

. . 4) 
Q = ks (H + e)/ e . . . . ... . . .... • • . • . • • • • ; ;i; f.l 

~ -
for the case where the pressure under the filter is equal to the weight of the atmosphere and ·-"~, 
where Q is the volume of water passed in unit time , s is the area of the bed, e is the thickness tA 
the bed , H is the height of the water on the filter, and k is a coefficient depending on the natut:ed 
the sand . As stated , this equation applied to steady linear flow through saturated sand. waur· 
motive forces arising from both gravity and the pressure gradlent are taken into account. If~ 
define the transmission velocity v = Q/ s and the hydraulic gradient i = (e + H)/ e we have ··- ; .. .;.. rJ:' ~ 

. -:~-11 
V =kl ... . ... . .... . ..... . ... : . ... ··~ -

which is a vector equation applying to three-dimensional flow in isotropic media and is often -
as the general form of the Darcy flow law .. The equation expresses the fact that the flow rat::, 
proportional to the water motive force . MUSKA T (1937] has revi ewed the conditions under 
the law is valid and has given an excellent summary of methods and examples for the applicadOI 
of the law to the solution of practical flow problems . Numerous scientists and engineers throaiP"' 
out the world have used this law as a basis for a rational analytical attack ·on problems invol~ 
the flow of water in saturated soils. 

Our definitions and methods for measuring permeability are based directly on ·the Darer~ 
Numerous permeability units for soils have been considered (MUSKAT , 1937; RICHARDS, 1940)· 
The simple Darcy coefficient kin (1) and (2) is most commonly used in agr.icultural soils w~ 
The large and rapidly changing effects produced by the interaction of colloidal and organic • 
and the quality of water make it impractical to take into account small effects such as are dU• 
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water from lysimeters and soil pots used for growing plants. The law ap.plies to the anomal 
field drainage case where a shallow soil layer of fine texture is underlain with coarse mate 
Instead of providing improved drainage, the abrupt transition zone from fine to coarse textur 
acts like a perched water table because the soil moisture at the lower boundary of the flne-t~ .. 
tured layer must come practically to atmospheric pressure before it will move into the co~:ai 
material. ZUNKER (1930] has discussed this soil moisture phenomenon. . .'.11 

Applications of the outflow law--Lysimeters constitute an important case for the appllc~ 
of the outflow law. RICHARDS, NEAL and RUSSELL (1939] used tensiometers to study moisturi:_ 
relations in the lysimeters of the Soil Conservation Service Experiment Station at Clarinda,~ 
and state, "Before free water will drain away from a lysimeter _it is necessary that the presswg 
in the soil water at the base of the column shall approach atmospheric pressure." In the sam~ 
volume, RICHARDS and IOFFE (1939] reported laboratory experiments with soil columns wheg. 
drainage to a conventional lysimeter funnel and drainage to a tension plate that was used to ~ 
late deep soil percolation were compared. They recognized and stated the zero pressure (ze?Oi 
tension) outfl_ow boundary condition. Earlier statements of the outflow law as applied to lysimlea 
have undoubtedly been made and the writer would appreciate having these earlier statements -_.__ .. 
called to his attention. sii .. 

KOHNKE, DREIBELBIS , and DAVIDSON (1940] made a survey of the construction and use Ii 
lysimeters and state, "The greatest functional error in all three types of lysimeters probably J 

occurs at the boundary of the lysimeter soil and the air beneath it. When the gravitational wata 
reaches this point it will have to overcome the resistance set up by surface tension before it ca 
leave the soil." These authors indicate that lysimeters have been used for experimental wort• 
more than 260 yr and cite nearly 500 references to publications on lysimeter work. And yet It la 
only recently (COLMAN and HAMILTON , 1947] that this outflow boundary condition has been tu 
into account . Anomalous results obtained with dU!erent types and different depths of lysimeten 
in response to dUferent c ropping and rainfall conditions can often be explained Uthe outflow~• 
ary condition and its effect on the moisture regime are clearly understood. ft 

~ -
When the outflow law is more generally recognized it is expected that lysimeters designed 

for hydrological studies will embody porous structures such as proposed by RICHARDS and 101" 
(1939], WALLIHAN (1940], and COLMAN (1946], so as to simulate more closely moisture co~ 
in the natural profile . 

. -1!!; 
Soll pots which are used in varying sizes for the experime~tal and commercial growing <A , 

plants are, like lysimeters, subject to the outflow law if sufficient water is applied so that dn1# 
occurs. The moisture regime is quite different from field conditions and accounts for the 1act. r 
that liberal admixtures of sand and peat are made to potting soil by commercial growers in o.rdlr 
to increase the size of the soil pores. In view of the outflow law it is clear that special prec:mtlll' 
with irrigation are required to avoid abnormal plant responses caused by water logging If testl _ 
are to be made with small lots of fine textured soils. . ; "' 

,¥ 

SHAFFER, WALLACE, and GARWOOD (1937] have shown that the putflow law applies at tlll 
periphery of porous media in a centrifuge and recognition of this fact made it possible to obtail..!i 
theoretical solution of the moisture equivalent centrifuge problem (RICHARDS and WEAVER, 1..., 

While the present discussion relates primarily to soils, we must keep in mind the unity r:/. all 
science. The two laws of soil moisture stated above appear to apply equally well to any liquid la • 
any porous medium which is wetted by the liquid. 

. . . 
Additional laws--Additional laws of soil moisture will be discovered and formulated as our__,., 

knowledge of soils increases. Some readers may wish now to propose additional laws. For au-· 
the movement of water in the root zone for soils that do not have water tables, permanent or tdlf"' 
rary, takes place under unsaturated conditions. The original statement of the Darcy law did oo& 
include unsaturated flow . The extension of the Darcy equation to cover unsaturated flow for Ill• 
isothermal case has been made and is in the state of what might be called a working hypothesil• -
Perhaps at some future time the Darcy law can be generalized to cover both saturated and un- . 
saturated flow conditions. · 

The complicated interrelation of heat and moisture transfer in uns~turated s~il can proballlf 
be expressed in simple general terms but as yet little progress has been made in this cttrectiOII 

Acknowledgment--This is a contribution from the U.S. Regional Salinity artd Rubidoux LabO'° · 
tories, Bureau of ·Plant Industry. Soils and Agricultural Engineering, Agricultural Research /Jt' 
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E, A, Colman (California Forest and Range Experiment Station , Berkeley, Calif.)--In orci.i'• 
emphasize the significance and implications of the outflow law which Richards has proposed, I _, 
should like to mention some of the information we have obtained from the San Dimas lysimeten · 
(COLMAN and HAMILTON, 1947]. When the large lysimeters of this installation were built"., 
not cover the tank bottoms with a layer of gravel , recognizing that such a layer would not in.salt 
drainage of the soil above to field capacity. Instead the tanks were filled entirely with unifona :. 
soil. Later we placed tensiometers in the soil at the seepage outlets (the soil is six feet deep} 
and measured moisture tensions before, during, and after seepage periods. Over several yeut 
of observations we found, as was to be expected , that seepage did not start until moisture tetllka 
dropped to zero in these tensiometers, nor did the tension increase again until seepage had SUW-

·, ·~ , 

During the period of these observations we also had tensiometers placed with their po~""~· 
cups at various levels within the lysimeter soil. These tensiometers showed that during perlol9' 
seepage, zero moisture tension was maintained in the soil to a height of three feet above the...,. 
plane . This suggested that the lower half of the soil in these tanks was virtually saturated thtoCJ 
a considerable part of the winter rainy season , a condition whicn is far from normal for thiS • 
and the vegetation studied , in their natural state. .,. 

These and similar observations have led us to believe that lysimeters must be equipped d 
drainage control devices if results obtained from them are to have application beyond the ly~ 
themselves. - ·~: 

. Willard Gardner (Utah State Agricultural College , Logan , Utah)- -It is to be expected that dlt 
curvature of the air-water interface at the bottom_of- the right-hand part of the tube represema' 
in A of Flgure 1, would be zero and the pressuve"throughout the tube would not be disturbed bJ . • 
placing this end of the tube also in water at-tt(e same level as that in the beaker . This should .:: 
represent the same state of equilibrium as,before , the force per unit volume due to the pre51119 
gradient being balanced by the pull of gra7 ty per unit volume. __ . · 'i/!t . 

The water at the end of the tube on the right of B would tend to develop a convex curvature_, · 
a slight increase in pressure sufficient to keep the water in the tube even though the lnterfa.ct • 
this end were slightly below the level of the water in the beaker . The interface, if curved, doll· 
therefore have a slight influence on the state of equilibrium. However , were this interface ai:., 
removed by dipping the end into free water at a level lower than that in the b!!aker, the water 11P 
of course move out of the beaker through the tube however small the difference in elevation m:-, 
so long as it does not vanish completely. There exists also a small pressure gradient in the 
phere that should not be overlooked but it would modify the problem very little to reduce the 11' 
pheric pressure to zero. 1 .,, 

Can we not infer all that this proposed outflow law implies ? We ·may infer.for_ example!~ 
Newton 's second law that if a particle moves in the direction of a constant force that ls appll~ 
it the distance it travels is a quadratic function of the time , but we would not be inclined to rq ... -
this as a new law . 

Don Kirkham (Iowa State College , Ames, Iowa)--In an article " Some tests~! the cllifusiOII 
theory, and laws of capillary flow in soils" (Soil Sci. , v. 67, 1949], C. L_. Feng and I report dJIS 
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VEIHMEYER, F . 1., P, W. ISRAELSEN, and 1. P. CONRAD, The moisture equivalent as illfhatiiiria 
by the amount of soil used in its determination, Univ. Calif . , Coll. Agr., Tech . Paper 16:c 
S. J. Richards (University of California, Riverside, C<1.lif.)--By suggesting the use of~~• 

laws to name the generalizations discussed in its report, the committee may _be generating sada 
which will hide the fire of the real purpose for writing the report. For example , many workera,~ 
will prefer to call Equation (2) the Darcy Equation when applying it to unsaturated flow. How~ 
the name used should be subordinated to the idea involved. The ideas suggested are fundamental 
and useful. They should be stated in terms that will give the greatest distribution among workell. -f. 

The outflow law as stated relates only to the moisture close to the horizontal plane at whlck• 
outflow boundary occurs. In the discussion of the application the suggestion is made that molstat 
in soil layers above the iocation of the outflow is influenced , which is certainly the case. Soll .,. 
moisture above an outflow boundary may be under a tension, T, equal to the height of the soil, 1:· 
above the boundary. (T is here measured in length units of equivalent soil solution.) For the caa 
when the soil moisture is draining downward to an outflow , then the tension at any elevation 1111111· 
be less than the vertical height measured to the outflow boundary . ~~. 

·;,J-;; 
L. A. Richards CU. S. Regional Salinity and Rubidoux Laboratories , Riverside , Calif.)-- :~ 

The reviewers' comments make distinct contributions toward the appraisal and interpretation al 
the contributed paper and scarcely need a summarizing statement. However, a few points brouoi& 
out in the discussion will be briefly mentioned. ···'rfr-

., , 
Equation (1) was developed by Darcy for a linear , one-dimensional flow case and Eq (2) ns 

developed in the above paper by substituting new symbols in Eq (1). It was not the writer 's ln• 
tion , however , to imply , as Childs apparently does in his comments that Eq (2) does not apply to. 
the three-dimensional case. CHRISTIANSEN (1943] and REEVE and JENSEN (1949] use a flow 
equation equivalent to Eq (2) for describing non-linear, ground-water, flow patterns under field-~ 
conditions. The hydraulic gradient i in Eq (2) may be taken as identical with grad ~ in Childs' ."'~ 
equation . The negative sign signifies only a difference in an arbitrary convention of nomenclallff 
between physics and engineering. -':'t 

. ;.· . 
The points raised by Gardner ar·e certainly pertinent. Back pressure from positive curva- .. ~ 

tu res of the air water interface will usually exist and will influence outflow. The negative form -_· 
used in the above statement of the outflow law , namely, ' 'Outflow of, free water from soil will ocd 
only if the pressure in the soil water exceeds atmospheric pressure, " takes the back pressure 
effect into account. The effect connected with the pressure gradient in the atmosphere as me~ ~! 
tioned by Gardner does not appear to apply if atmospheric pressure mentioned in the above s~ 
ment is considered at the point of outflow. . :-,~ -

The last question raised by Gardner is quite appropriate. What criteria should be satisfied' 
by an observed, formulated and verified regularity in the processes of nature before it may P~ 
~rly be designated as a law? If the relation f = ma can be inferred from the principle of leas~ 
action, should we cease to refer to this equation as a law? Are the empirical relations menti~ 

by K1:::es::i::rt:y ~:u::~:p~::s

0

:::::a;:::~::::i:;l:e:::: ::1::::::onstratli 

hold for unsaturated flow, Pillsbury and Richards question whether .it shoul;J-~e referred to as a:"'"' I 
law. Following the same reasoning would these ·men say that since a relatJvity correction must_~ , . 
applied at high velocities , f = ma should not be called a law? ~ • -~_;¥ 

Certainly these are questions for which there is no brief answer. ObvioJsly it was •the o;l"f 
tive of the contributed paper to state the outflow boundary condition in clear,: concise form fo~_;;;, 
pedagogic purposes . This important relation which has many practical app!ications does not~ I 
to be widely familiar to soils workers. Whether ultimately it will be referred to as a law or~ 
as a boundary condition will have little effect on its usefulness. Discussion on whether it consd• 
tutes a law might even promote the objective of the contributed paper . 
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