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CONCERNING PERMEABILITY UNITS FOR SOILS

L. A. RICHARDS~

I T is becoming increasingly apparent that the per-
meability of soil is one of its most important

physical properties, and the study of soil permeabil-
ity is making the transition from a qualitative to a
quantitative stage. It should facilitate progress for
both scientific investigations and engineering ap-
plications if there were a permeability unit that
would be acceptable for use by the majority of soils
workers.

The Soil Physics Section of the Soil Science So-
ciety of America3 is sponsoring consideration of
the advantages and disadvantages of the various
permeability units in the hope that more uniformity
of usage may result. Since many more permeability
measurements will be made in the future than have
been made in the past, new units should be consid-
ered if this seems desirable, although units estab-
lished in the literature should be carefully consid-
ered and given precedence.

The following appear to be desirable features to
be kept in mind during any attempt to select a per-
meability unit :

A. It should be a practical unit chosen for maxi-
mum convenience and usefulness in laboratory and
field work.

B. It should be simple as regards definition, de-
fining equation, and dimensional relations so as to
facilitate the use of either metric or English units.

C. It is desirable to have a permeability unit that
is usable for all flow cases following Darcy’s law,
i.e., stream line flow of liquids or gases in porous
media, but it may be questioned whether this should
be accomplished at the sacrifice of the first feature
mentioned above.

DARCY’S LAW

The readiness with which a porous medium trans-
mits fluids is customarily expressed by means of a
permeability coefficient or transmission constant,
the numerical calculation being based on an appli-

cation of the Darcy law to actual flow data. The
Darcy law, however, has been variously quoted and
paraphrased in the literature, often incorrectly, and
many different permeability units having different
physical dimensions and numerical size have been
used.

Darcy, on the basis of his observations on water
moving vertically through horizontal beds of filter
sands, summarized his findings (2)4 as follows :

“Ces experiences demontrent  positivement
que le volume d’eau qui passe h travers une
couche de sable d’une nature donnee est pro-
portionnel a la pression  et en raison inverse de
l’epaisseur  des couches traversees; ainsi, en
appelant s la superficie d’un filtre, k un coeffi-
cient d&pendant de la nature du sable, e l’epais-
seur de la couche de sable, P-H, la pression
sous la couche filtrante, P +H la pression  at-
mospherique  augmentee  de la hauteur d’eau
sur le filtre ; on a pour le debit de ce dernier

Q =*(H + e + H,), qui se reduit  h Q =p

(H + e) quand H, = o ou quand la pression
sous le filtre est kgale au poids de. l’atmos-
phere.”

( c )
( a )  (b) (c)

PRESSURE GRADIENT (cgs UNITS) VP= 0 VP =980 VP =980
HYDRAULIC GRADIENT i_ =1 i =I i -2
DISCHARGE VELOCITY(RELATIVE) Vo = I Vb =1 vc 2

FIG. I.-Permeameters  to illustrate various flow conditions.
The Mariotte bottle is used to maintain a thin layer of
water over the soil for permeameter (a). The symbol L
represents an arbitrary length which is the same through-
out the figure.

‘Contribution from the U. S. Regional Salinity Laboratory, Riverside, Calif.
Senior Soil Physicist.
aThis  discussion of permeability units was prepared at the request of the Executive Committee of Section I of the Soil Science

Society of America for presentation at the December, 1940, annual meeting of the Society. No independent or immediate action
by the Society toward the designation of a permeability unit is contemplated. It is expected that a report summarizing  the views
of members of various interested societies will be prepared and published at a later date. The author has been encouraged and as-
sisted by conversations and correspondence with various colleagues during the preparation of this paper, but must himself accept
responsibility for any errors that may exist in the analysis of the problem.

‘Figures in parenthesis refer to “Literature Cited”, p. 53.
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O n e  interpretation of his introductory statement
would be that the flow rate is proportional to the
pressure difference. This, of course, is not generally
true, for soil moisture flow experiments are fre-
quently carried on in the laboratory under the con-
dition illustrated in Fig. I (a), where there is zero
pressure difference and zero pressure gradient. The
need for including gravity effects in the flow equa-
tion at low heads is further illustrated by the per-
meameters  (b) and (c) in Fig. I. Assuming identi-
cal soil columns for the three cases, the pressure
gradients, hydraulic gradients and relative dis-
charge velocities are given in the figure.

It should be clear from these examples that the
discharge velocity is simply related to the hydraulic
gradient, but not to the pressure gradient. The final
equation given in the above quotation removes any
ambiguity and makes clear that both gravity and
the pressure gradient force were included in Darcy’s
original formulation of the flow problem.

Although only the vertical direction of flow was
considered by Darcy, his equation may be general-
ized to hold for flow in any direction as follows:

v=ki I

In this equation the hydraulic gradient i is the
change in static hydraulic head (potential head) per
unit distance along the average flow line. The mac-
roscopic or discharge velocity v is the volume of
water crossing unit area in the soil in unit time and
k is referred to as the Darcy coefficient of permea-
bility.

Although considerable work has been done to-
ward developing an equation for fluid flow through
porous media based on the number and shape of
the flow channels and the equation of motion of a
viscous fluid, no result of general usefulness has
as yet been obtained. It therefore appears that any
descriptive analytic theory for fluid flow through
porous media will, at least for the present, be based
on an empirical relation like the Darcy law.

ESSENTIAL ELEMENTS OF FLOW EQUATIONS

Differences among the many flow equations that
have been used for expressing flow in porous media
may be ascribed to (a) whether the equation is for
use with liquids or gases; (b) the method used for
expressing the driving force; (c) the method used
for taking into account the effect of viscosity on
flow; or (d) the units used.

Wyckoff, Botset, Muskat,  and Reed (I O) h a v e
shown that for certain media the same value for
permeability is obtained whether the measurement

.

is made with a liquid or a gas, providing appropri-
ate flow equations are used. For such media, it is
usually less troublesome to use gas for the permea-
bility determinations. For most agronomic and en-
gineering work where it is desired to know the
permeability of soils to water, the presence of hy-
drophilic colloids precludes the use of anything but
water in the permeability measurements. Conse-
quently this paper will be concerned primarily with
the water flow case.

The driving force that moves liquids through
porous media may be expressed in a number of
ways. The equation of motion for a slow moving
viscous liquid is ordinarily written (8) as

dv
pz =  ~F-v~-hv~vv 2

where p is the density, F the body force per unit
mass, * the pressure, 77 the viscosity and v the gra-
dient operator. The left-hand side of the equation
is the product of the mass of unit volume and the
acceleration, while the terms on the right-hand side
represent the forces which determine the accelera-
tion. For soil moisture flow, F represents the grav-
ity force and is numerically equal to the accelera-
tion of gravity, g. The second term represents the
force arising from the pressure gradient and the
third term represents the viscous retarding force.
Darcy’s law is simply a statement of  the observed
fact that for the steady viscous flow of liquids in
porous media under conditions commonly met, the
rate of flow of the liquid through the medium is
proportional to and in the direction of the vector
sum of the first two force expressions on the right
side of the above equation. Dividing equation 2 by
p would have changed the expressions from force
“per unit volume” to force “per unit mass”. Choos-
ing whether driving force “per unit volume” or
“per unit mass” is to be used in the flow equation
is an arbitrary matter to be settled on the basis of
convenience.

The relation between the hydraulic gradient and
the force expressions given in equation 2 may be
indicated by considering the example shown in
Fig. 2 .

The average driving force acting on the water
between c and d may be represented in several ways.
The hydraulic gradient may be taken as a dimen-
sionless vector of such magnitude that

h
i=--il  

L 3
 

i, being a unit vector along the line cd.  
Viscous flow of liquids in isotropic porous media
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FIG. a.-Inclined permeameter to illustrate the relation of
the hydraulic gradient to the vector sum of the pressure
gradient and gravitational forces.

takes place in the direction of the net driving force
which is the vector sum of the gravity and pressure
gradient forces. Since, in the example illustrated,
c and d are on a stream line, this vector sum will
be equal to the sum of the components of the two
forces along the line c d. On the basis of force per
unit volume, this vector sum becomes

pF-VP=  (A+B)i,  =pgi  , 4
where A and B are the scalor magnitudes of the

components of pF and--VP  along the line c d. We
have

A=-pgsin0 4a
and

Bzpg (y)= pg(h+a+L’sitiB-a)=pg  k +

pgsin8‘  4b
From equation 4 it follows that the relation be-

tween force per unit mass and the hydraulic gradi-
ent is

F _ !? = gi
P 5

To summarize then, we may say that the driving
force for viscous flow of liquids through porous
media may be expressed in terms of hydraulic
gradient, force per unit mass, or force per unit vol-
ume, using any consistent set of units. For the
special case of flow in the horizontal direction or
when the pressure gradient force is large compared
with gravity, it is permissible to omit the gravity
term from the flow equation. Since these special
conditions are not satisfied for the majority of soil
moisture flow cases in the field or laboratory, we
must conclude that permeability units defined in
flow equations which do not include gravity in the
driving force are not suitable for soils work,

VISCOSITY AND THE FLOW EQUATION

Since the viscous flow of liquids in saturated por-
ous media is proportional to the driving force and
inversely proportional to the viscosity, there has
been an increasing tendency to have viscosity ap-
pear explicitly in the flow equation.

The range of values for the permeability of vari-
ous soils is so large that for many engineering pur-
poses the change in the value of k in equation I

caused by variation in the temperature of water
may be neglected. However, for precise work with
water at various temperatures or for flow problems
with other liquids, it seems desirable to include a
viscosity factor in the flow equation so that per-
meability will be independent of viscosity effects.

FLOW EQUATION UNITS

Any attempt to designate a standard permeabili-
ty unit inevitably involves the units to be used for
expressing the various factors in the flow equation.
A number of considerations may have influenced
particular choices that have been made in the past.
Standard usage in a particular field must be con-
sidered. For instance, in geological work gallons
per day seems to be a preferred unit for expressing
flow. Also, permeability values of more convenient
size may be obtained by choosing large time and
force units. The writer is of the opinion, however,
that there is a better chance for agreement on a
permeability unit for use in such diverse fields as
soil mechanics, ceramics, agronomy, soil physics,
geology, civil engineering, and agricultural engi-
neering if a consistent set of units, either standard
or gravitational, is used in the flow equation.

If reasonably general agreement on a permeabili-
ty unit could be attained, there would be definite
advantages in assigning a name to the unit. N u m -

bers expressing measured permeability values can
be adjusted to convenient numerical size by the use
of prefixes such as milli or micro appended  to the
name of the permeability unit.

PERMEABILITY UNITS FOR SOILS

The following is a list of permeability units that
appear to merit special consideration for soils use :

I. Both from the standpoint of historical signifi-
cance and present usage, the permeability unit de-
serving first mention is the “Darcy  coefficient” of
equation I. Since it has the dimensions of velocity,
transformation from metric to English units is not
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difficult and it is usually expressed in feet per sec-
ond or cm per second.5

2. Dividing the right-hand side of equation I b y
7 makes the permeability independent of viscosity.
Such a step, however, complicates dimensional re-
lations and makes it less convenient to transpose
from cg s to English units. In effect, most users of
equation I introduce a viscosity ratio into the flow
equation at the time permeability calculations are
made ; thus,

v=k%i
II 

6

where vs is the viscosity of a standard liquid at a
standard temperature, namely water at 68°F. This
equation has advantages which are worthy of men-
tion. Viscosity effects are taken into account. The
simplicity of the dimensions and physical signifi-
cance of k remain the same as for the Darcy coeffi-
cient, and the permeability constant defined in this
equation is the same as that used by many workers
who now convert the Darcy coefficient to the stand-
ard temperature of 68°F (20°C).

3. Taking no account of viscosity, a number of
soils workers and engineers (I, 4, 5, 6, 9) have used
the flow equation

v=kgiszk(F-y)  - -kv Q, 7

in which the permeability constant has the dimen-
sions of time. Introducing viscosity effects by means
of a ratio

maintains this dimensional simplicity. Therefore,
using this equation, calculations based on experi-
mental data expressed in any consistent set of units
for length, mass, and force, will give the same nu-
merical value for the permeability. In this respect
the unit is well suited for international use. More-
over, in engineering soils work, it is often conven-
ient to use metric units in the laboratory and Eng-
lish units in field work. This permeability unit has
been briefly discussed elsewhere (3).

4. Looking toward generality of application of
Darcy’s law both for liquids and gases, there is an
advantage in using force per unit volume in the
flow equation. Thus

v = + (pF  -VP) +pgi

. . , -
For gaseous flow where, in general, body force 2 ‘7

may be neglected, equation 9 becomes

v= - ;vp I O

which leads directly to equations given by Muskat
(7) for permeability determination with gaseous
flow. The permeability constant in equations 9 and
IO has the dimensions of length squared.

5. A permeability unit called the “darcy” has been
proposed by Wyckoff, Botset, Muskat, and Reed
(I O). The flow equation they use is the same as
equation IO. In accordance with their definitions, if
the permeability k is to be expressed in darcys,
then the macroscopic velocity must be expressed in
cm set-I,  the viscosity in centipoises, and the pres-
sure gradient in atmos cm-l.  This equation, though,
is only a special case of Darcy’s law applying to
horizontal flow and is not usable for most soil mois-
ture work where gravity must be considered. To
preserve the use of the "darcy" unit and include
gravity, the above equation could be written

k
v = 9.87 x IO-g;pgi  G 9.87 x IO -‘:(/IF - 0~)  I I

in which c g s units are used for the various quan-
tities involved, including 77 . It appears that any
flow equation taking gravity into account will con-
tain a numerical constant depending on the units
if the permeability is expressed in darcys.

VARIOUS MEANINGS OF PERMEABILITY

The term permeability is often used in a general
sense to indicate that fluids can pass into and
through certain porous media. It is also variously
used to designate a quantitative specific property
characteristic of each unit of volume of such media.
Perhaps a logical procedure in discussing units for
measuring and expressing permeability would be
first to set forth various definitions that might be
given for the exact meaning of the term. This pro-
cedure would lead directly to the question : Is it de-
sirable to define permeability in such a way that it
is a property of the porous medium alone and in-
dependent of the properties of the fluid and the
acceleration of gravity ?

From one commonly used meaning for permea-
bility associated with the k in equation I, it follows
that the permeability of a given medium, let us say

a certain sand, is greater for warm water than for
cold, or is greater for gases than for liquids. Basing

6For  agronomic soils work there are certain advantages in expressing macroscopic velocity or discharge velocity in inches per
hour. Infiltration capacity measurements are now commonly expressed in this unit and it is simply related to irrigation and
rainfall data.
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a definition for permeability on equation 8 would
make the unit independent of changes in the ac-
celeration of gravity and the viscosity but not in-
dependent of the density of the liquid. For exam-
ple, if the permeaters in Fig. I contained identical
columns of a material whose pore system is not
affected by water or oil, the discharge velocity in
each case would be greater for water than for a
petroleum oil having the same viscosity because of
the difference in the density of the two liquids.

A permeability unit acceptable for general use
in different lines of work must be based on a flow
equation which is adequate to cover a variety of
flow cases and in this connection equation 9 seems
to have certain advantages6  The k in this equation
could be referred to as the cgs unit of permeability
or in view of the various meanings associated with
permeability it might be desirable from analogy
with the treatment of thermal and electrical flow
in physics to designate this k as “fluid conductivi-
ty”. There is precedence for such a name in the lit-
erature of both soil science a n d  engineering.

If on the basis of feature A mentioned at the be-
ginning of this paper persons doing a given type
of work prefer to use their own particular permea-

bility unit, they might be willing to publish their
results in both their own unit and the standard or
fundamental unit.
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