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THE MOVEMENT OF GASES THROUGH
THE SOIL AS A CRITERION OF

SOIL STRUCTURE"
By

T. F. BUSHRER

INTRODUCTION

The movement of gases and solutions through the soil and the struc-
tural and other physical factors which determine it, although long recog-
nized as essential to plant growth, have received but meager attention
at the hands of investigators, and the volume of published research in
this field is accordingly rather limited. The concept of soil structure is
as yet practically devoid of quantitative significance. The principles
which underlie changes in soil structure when various chemical or phys-
ical conditions are imposed upon it, do nor yet appear to have been
established with sufficient exactness to enable predictions to be made of
soil behavior under any given set of conditions. The physico-chemical
aspects of the soil horizon which contributes directly to root growth, are
of such importance that they render desirable further research in this
field.

The investigation to be set forth in this bulletin constitutes an approach
to the general problem of soil structure, the aim being to ascertain a
criterion of structure which may be expressed by a definite, character-
istic, and reproducible numerical constant, and to correlate this constant
with certain other "single-valued" soil-constants which have thus far
been proposed.

THEORETICAL ASPECTS OF SOIL STRUCTURE

RELATION OF STRUCTURE TO OTHER SOIL PROPERTIES

Gas movement through the soil occurrs in response to various physical,
chemical, and biological processes, of which the predominating ones
doubtless are temperature and barometric changes occurring at the soil
surface and variations in partial pressure of oxygen, carbon dioxide, and
water vapor in the soil air in response to oxidation and bacterial action.
These processes are, in turn, the result of a tendency on the part of the
soil in which the plant is growing, to re-establish or maintain a condition

* This bulletin was received for publication in the office of the Dean and Director
on March 30, 1932. P. S. B.
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of equilibrium. In order to evaluate the quantitative relations of such an
equilibrium, it is important to consider, not only the actual conditions of
concentration of air or of soil solution which would obtain if true
equilibrium were realized, but (and perhaps of even greater importance)
to know the rate at which such an equilibrium condition is re-established
and the factors influencing that rate. Favorable conditions for plant
growth thus imply a promptness on the part of the soil to respond to
physical changes imposed upon it. The resultant movement of air, into
or out of the soil, which manifests itself merely as a step in this read-
justment, is conditioned upon the structural and textural characteristics
of the soil. The same is true of such other concurrent soil processes as
water movement, dissolution of soil minerals, rates of oxidative proc-
esses, and of ionic and organic reactions, all of which play a part in the
maintenance of soil fertility.

STRUCTURE \ND RATE OF SOIL PROCESSES
The soil is a dynamic s}stem in which a variety of physical and

chemical forces are at work, competing with or dependent upon each
other and in which changes acting from without may at times occur with
kaleidoscopic abruptness. Y\ hich of these forces predominates under a
given set of conditions or over a given period of time will determine the
vigor of the gjrowing plant. The soil reactions with which the plant is
concerned are primarily ionic in the solution phase, but the processes
which maintain the ionic equilibrium are both homogeneous and hetero-
geneous, occurring as they do, not only in the solution phase but also on
bounding surfaces of solid soil particles. The rates of such processes
\are accordingly determined, not only by such chemical factors as com-
position and pressure of soil air and concentration of soil solution, but
also upon certain physical conditions, such as the temperature, the state
of subdivision of the soil particles, the extent of their free surfaces, and
their degree of compaction. A striking example of the combined effect
of these forces in nature is found in the slow weathering processes by
which the soils are formed.

The equilibrium conditions attained in the soil are, however, compli-
cated when we introduce a growing plant—a system which is capable
of exerting large osmotic pressures and which exudes to, as well as
absorbs from, the soil certain of the reacting constituents. Under these
circumstances the nature, rate, and extent of soil reactions are markedly
changed. From the standpoint of the plant, therefore, the rates of the
fundamental soil processes such as the dissolution of soil minerals, rates
of base exchange reactions, of diffusion of nutrient ions to the root zone
of the plant, as well as air and water movement are of the greatest
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importance if its demands are to be adequately met.

These fundamental and important considerations are closely related
to the soil property designated as 4'soil structure/' Since the reactions
referred to are for the most part surface reactions, their reaction rates
are dependent, not only upon the extent of the active surface exposed
by the particles, but also upon the rate at \\ hich the products of reaction
are transported, by diffusion or otherwise, from the reacting zone to the
root zone of the plant. The latter process is conditioned, in turn, upon
the size, extent, and distribution of the open pores through which move-
ment can readily take place. The ideal condition for plant growth is
predicated upon the Law of Mass Action, in terms of which the result-
ant reaction of plant growth can be made to approach completion only
in so far as a mechanism is provided for the prompt removal of waste
products of the reaction as soon as they are produced, and the continu-
ous supply of nutrient material.

Certain facts concerning the behavior of the soil as a colloidal system
have been more or less definitely established. The dispersing and
coagulating effect of certain inorganic ions, the protective action of cer-
tain types of organic matter, the adsorption of ions and gases on the
surfaces of colloid particles and various other phenomena have been
established and utilized in the study of soil behavior. However, these
phenomena are concerned more directly with the texture of the soil,
affecting as they do primarily the size of particle. It is of considerable
importance, therefore, to inquire into the factors which determine struc-
ture. By reason of the randomness which characterizes the arrangement
of the particles in the soil, any attempt at a quantitative definition of soil
structure is fraught with certain logical implications. It is, indeed,
questionable whether the term "'structure" should be used at all, when
referring to the arrangement of soil particles. Before it is possible
to ascertain this quantity by measurement, it must be precisely defined
and its inherent properties and limitations considered. It is probable
that the lack of a satisfactory definitioa for this property has retarded
the progress of scientific knowledge in this field.

DEFINITION OF SOIL STRUCTURE

The generally accepted definition of soil structure, as proposed by the
Committee on Terminology of the American Soil Survey Association, is
a purely qualitative one, and is stated as follows: (1)

"Structure is a term expressing the arrangement of individual grains
or aggregates thjat make up the soil mass. Structure may refer to the
natural arrangement of the soil when in place, or undisturbed, or to the
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soil in any degree of disturbance. The terms used indicate the character
of the arrangement, the general size and shape of the aggregates, and in
some instances may indicate the consistency of those aggregates."

To designate characteristic structures, various descriptive terms have
from time to time been proposed and used, such as: he^vy, puddled,
lump, crumb, laminated, mulch, pulverulent, reticulate, and single-
grained. It is apparent from these definitions, that no quantitative
meaning is ascribed to the term "structure,11 and personal judgment
enters largely into the structural classification of a given soil. More-
over, it appears that there are no definite limits of structure for these
classifications, but various structures pass from one into the other by
more or less imperceptible gradations. A numerical basis of designat-
ing structure therefore appears to be desirable for a satisfactory classifi-
cation of soils in terms of this property.

LIMITATIONS OF THE CONCEPT OF STRUCTURE
Structure as a physical quantity possesses peculiar properties and

limitations. The general meaning attached to the term implies a geo-
metrical or splatial arrangement of the particles with respect to each
other, which for any given structure is, or should be, a constant. The
only definite geometrical property which an assemblage of solid particles
can possess is the distance of separation of individual grains from each
other, and the relative position of the particles with respect toi some ref-
erence particle, as expressed in terms of the angles included between
their lines of centers. A classical example of structure is that of a
characteristic crystal, as determined by X-ray methods. In such cases,
the dimensions are capable of very exact numerical measurement, and
such structures in crvstals as face-centered cubic, body-centered cubic,
rhombohedral, tetragonal, etc., have definite, measureable geometrical
properties. These structures are determined by interatomic forces
which are constant in direction and magnitude. For this reason the
terms "crystal structure" and "crystal dimensions1' have very definite
significance. Although the atoms composing a crystal of a given struc-
ture may be different in size and chemical properties from adjacent ones,
and therefore their distances of separation also different, the order of
their arrangement with respect to any given reference atom will, for a
crystal of a given system, always be the same.

The soil, however, presents a haphazardness of arrangement of the
particles which invalidates both the concepts and the experimental meth-
ods employed in crystal measurements. It bears resemblance to the
crystal in respect to being made up of particles of different sizes and
shapes, but it differs in the more fundamental property that the arrange-



MOVEMEXT OF GASES THROUGH THE SOIL 5

ment of its particles is governed, not by definite electrostatic forces, but
largely, if not entirely, by the laws of chance. The solid units in the soil
are at best complex molecules or aggregates of individual particles.

Since probability enters to such an extent into the spatial distribution
of the particles in a soil, and a quantitative definition of structure in
terms of distances of separation and relative positions of the particles
with respect to each other is impossible, we are compelled to define the
property in terms of some physical phenomenon which is itself a function
of the structural properties of the soil It is a common expedient in
scientific work to define a process or system in terms of the effects it
produces, if it is impossible to specify the complexion of the system or
the mechanism by which the reactions are brought about. For example,
a catalyst is defined as a substance which may either accelerate or retard
a chemical reaction without itself undergoing permanent change in quan-
tity or composition; yet the exact mechanism by which these effects are
produced, or indeed the exact state or condition of the substance which
acts catalytically, are in most instances unknown.

Several empirical definitions have been advanced to distinguish
between the different structures in soils, such as *4draw-bar pull,"(2)
percolation rate, and porosity, (3) all of which can be quantitatively
determined. Their interpretation is, however, complicated by unknown
or variable factors. Even porosity determinations, which are regarded
by some soil investigators to afford a reliable indication of structure, are
open to objection, because they yield, not the distribution of pore spaces
in an assemblage of particles, but only a summation of the entire pore
space of whatever size, shape, or distribution. From the standpoint of
the plant, the distribution of pore spaces for aeration would appear to be
of greater importance than the total amount of pore space, however
large. For this reason the ratio of non-capillary to capillary pore space,
which has been employed as a criterion of structure by Russian investi-
gators, (4) notably Dojarenko, Kwasnikow, Nekrassow, and Gedroiz, is
perhaps the most reliable measure of structure yet advanced. Because
the method of determining the amount of capillary and non-capillary
pore space has been questioned by some soil scientists, it appears that
this criterion cannot be regarded as wholly trustworthy, although results
from field tests have verified certain predictions of productivity, made
upon the basis of its numerical value.

Considered from the purely physical point of view, it seems probable
that the capillary pores are of little importance in so far as the mechanism
of feeding by the root is concerned, not only because of the difficulty of
their penetration by the root, but also because water as well as nutrients
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contained in such capillan pores are not available to the plant. From
the standpoint of aeration and water movement also, the capillary pore
spaces offer so much more resistance to the flow of these fluids than the
non-capillary pores, that their participation in the mechanism of soil
processes, as compared with the latter would appear to be very slight, if
at all appreciable. Fluids of whatever kind will always follow the line
of least resistance. These facts lead us, furthermore, to the generaliza-
tion that only such spaces or channels in the soil which permit of rela-
tively free movement of air or soil solution, are of importance in plant
nutrition. The non-capillary portion of the voids in the soil will be
assumed in the present investigation to be effective in permitting the
movement of air through the soil under proper physical conditions.

Assuming for the moment that structure could be adequately defined
in terms of inter-particle distances, as might for example be determined
approximately by photomicrographic methods, the interpretation of such
distances would still present serious difficulties. In an assemblage of
granular material, the particles are tangent upon each other at points
and the spaces between the particles will be distributed as capillary and
non-capillary voids throughout the assemblage, depending upon the size
of particles and their degree of compaction. The geometry of particle
arrangement leads to the observation that if the particles were perfect
spheres of the same diameter and packed as closely as possible, each in-
dividual sphere would be surrounded by twelve other spheres tangent
to it and symmetrically spaced with reference to the central sphere.
When such an assemblage is visualized in space, or a cross section taken
in any plane, the open spaces will have cross sections in the shape of
spherical polygons, generally triangles, varying in dimensions from
one point of tangency to another. In the closest (tetrahedral)
type of arrangement, the space enclosed by four spheres will
be that of a tetrahedron whose sides are approximately the seg-
ments of a sphere. It is readily seen, therefore, that the capillary as
well as the non-capillary channels may or may not be continuous, and
they certainly are not uni-directional. The complexion of such a system
becomes even more complicated if it is considered to be composed of
spheres of unequal size, and far more so, when both size and shape may
vary within wide limits. In an actual soil it is conceivable that the
pores are partially continuous, but a considerable portion of them might
branch off or interpenetrate, or terminate in V-shaped capillaries in
unweathered fragments of rock. In soils carrying a high colloid frac-
tion, these capillaries are almost entirely sub-microscopic in size and
may approximate more or less uniform dimensions and distribution.
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With such a complicated geometrical system, it is evident that interpar-
ticle distance as a concept can have little or no meaning, \arying as it
does so widely both in magnitude and direction in any given soil and
under different conditions, and the measurement of which is not suscept-
ible to present experimental methods. It seems unlikely that interpar-
ticle distance, even if its average value were determinable, could serve
as an adequate criterion of soil structure.

SOIL STRUCTURE DEFINED IX TERMS OF FLOW OF AIR
It has been pointed out above that the difficulty of interpreting data

on actual soil structures in terms of interparticle distance, even if such
data were obtainable by experiment, render it necessary to adopt a
definition of soil structure in terms of a physical phenomenon which is
itself a function of structural characteristics. The experimental method
which forms the basis of this investigation consists of measuring the
flow of air through columns of granular materials and soils, under care-
fully controlled conditions. It is reasonable to assume that, since struc-
tural features resulting from particle arrangement determine in large
measure the rates of flow of fluids as well as the rates of other processes,
the converse reasoning might be equally valid, namely that the property
of resistance-to-flow might be employed to determine relative structure.
It is certainly conceivable that both are governed by the same physical
laws, or are mutually interdependent. A definition of structure in
terms of flow is, moreover, consistent with the growth processes
of the plant, for it permits of the determination of a summation of all
of the channels through the soil which are effective for the passage of
water as well as air.

In proposing a quantitative definition of structure in terms of the
flow of air, it must be recognized that structure, by its inherent nature,
is an intensive and not an extensive property. It possesses this property
in common with the specific electrical conductance of metals, for example,
although the mechanism in the two instances is not the same. We shall
propose, therefore, as a definition of soil structure, that it be represented
by a constant which expresses the volume of air under standard condi-
tions of temperature, pressure, and humidity, which will be transmitted
through a column of soil of unit cross section and depth, and under a
fixed difference of pressure. When the rate of flow of a known volume
of air under definitely controlled conditions is measured, it is possible to
calculate from these data a numerical constant which will have a value
characteristic of structure, and which affords a means of classifying
soils as to structure and of studying changes in structure as successive
chemical or physical changes are imposed.
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REVIEW OF LITERATURE OX GAS FLOW THROUGH SOILS

The published work bearing on this sub jet is confined primarily to
the stuch of the aeration of soils and its relation to plant growth; to
the movement of underground and surface waters and its relation to
irrigation problems.

Buckingham (5 ) studied both the transpiration and diffusion of gases
through widely different soils tinder different conditions with a view of
explaining the drying out of soils. The influence of texture, structure,
hnd compaction upon aeration \^as extensively investigated. He found
that the speed of ordinan diffusion of gases through the soil does not
depend essentially upon the teAture but upon the porosity, being pro-
portional to the square of this quantity. He also showed that the escape
of carbon dioxide and the entrance of air are controlled entirely by dif-
fusion processes.

Bouyoucos (6) investigated the effect of temperature upon the move-
ment of water vapor and capillary moisture through the soil, showing
that the rate of flow varies inversely with the temperature but the magni-
tude of the effect was proportional to the absolute temperature. An
abrupt change in rate of flow occurred between 30° and 40° C, which
he explained by assuming a change in structure, probably due to the
swelling of colloids.

Russell and Appleyard (7 * studied the variations in composition of
the soil air in various soils under different physical conditions. Their
data show that those soils which permit of free aeration also show the
greatest percentage of carbon dioxide in the soil air.

Extensive researches on soil structure have been made by the soil
scientists of Russia, above referred to, during the past 25 years. Their
work has recently been summarized by Krause (4) in a paper entitled
"Russische Forschungen auf dem Gebiete der Bodenstruktur." These
investigators relate structure to the ratio of non-capillary to capillary
pore space. They found, for example, that the ratio undergoes a very
•abrupt change in value as the average particle size increases beyond
J/2 mm. The_\ show thereb} that a relatively finely divided soil can have
a favorable proportion of non-capillary to capillary pore space and
possess a corresponding structure. Similar relations were found to hold
for the capillary rise of water in soils and evaporation at the surface,
as well as the water-holding capacity of the soil. Their studies of com-
position and content of air in the non-capillary pore space, are interesting
in the respect that they found that the oxygen content in the pore spaces
of assemblages of particle sizes less than lA mm., is only about one-fourth
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that of ordinary air. In assemblages of V2 mm. size or greater, the
ox\ gen content approaches that of normal air. The transmission of air
was lalso determined for soils of supposedly different structures and
water contents. Numerous other aspects of soil structure and their
relation to soil fertility were investigated, but other than the ratio of
capillary to non-capillary pore space, no criterion of structure was
advanced.

The most thorough theoretical contribution to our knowledge of the
pore space in the soil was made by Slichter (8), who applied mathe-
matical treatment to certain hypothetical systems of spheres of definite
arrangement and dimensions, and obtained the theoretical limits of
porosity possible m such systems under conditions of maximum and
minimum compaction. He was able to estimate the cross sections of the
pores assuming them to be equilateral triangles, as well as the possible
\ariations in flow which might be expected if the cross section of the
pores were circular, elliptical, or in the shape of oblique triangles. Slich-
ter derived an equation for the flow of fluids, either liquid or gaseous,
through granular columns in terms of cross section of column, particle
size, pressure head, length of columns and viscosity of the fluid, which
was tested experimentally by King (CM on sands and soils of vari-
ous types. On the basis of this equation, King determined the effective
diameter of particle in soils. Another equation obtained by Slichter
connects the porosity, linear velocity of flow, and cross section of col-
umn, the product of which yields the volume rate of flow.

An examination of Slichter"s derivation of the flow equation shows
that it involved the Law of Poiseuille (10), the latter governing flow
through a straight tube, of uniform circular cross section, of definite
length, and of smooth inner surface. Quantitatively, Poiseuille's Law
states that the volume of a fluid transmitted through a capillary tube
varies directly as the fourth power of the diameter of the tube, directly
as the pressure head, and inversely as the length of the tube and the
viscosity of the fluid. The soil capillaries are most irregular in shape,
non-uniform in diameter, and indeterminate as to length, and the particle
surfaces certainly are not smooth. The ideal condition of rectilinear
flow is very probably not realized in the passage of fluids through the
soil. However, when experimentally tested by King, the equation was
shown to hold with remarkable exactness for a variety of materials and
physical conditions. Slichter's porosity function and transmission-con-
stant were originally derived for the purpose of explaining underground
flow of waters, action of artesian flow, and the mutual interference of
wells, and are in general use by irrigation engineers at the present time.
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GENERAL FEATURES OF THE METHOD EMPLOYED IN THIS
INVESTIGATION

The problem involved in the present investigation had for its object
the study of structural changes in the root zone in the ordinary course
of agricultural practice, when various chemical and physical factors were
varied. It therefore appeared desirable as a first approach to establish
to what extent flow measurements could be applied for this purpose.
Experimentally the study involved measurements on the flow of air
through columns of shot, gravel, sands, and soils under various condi-
tions. A technique was developed by which all physical factors could
be very accurately controlled. The volume of air, of known tempera-
ture and humidity, delivered under a known pressure head through a
column of soil or other granular material was measured. The investi-
gation was confined to each of the principal factors in their turn: effect
of pressure head, depth of column, cross section of column, size of par-
ticle, and viscosity of the air, so that while any one factor was being
studied, all others were maintained constant. The graphical and analyt-
ical treatment of each of these sets of results yielded a rigorous test of
the functional relationship between the variables over a wide range of
conditions. The equation which formed the basis of this investigation
was derived, as given in the following section, without assuming Pois-
euille's Law or making any accessory assumptions which were not
reasonably justifiable.

DERIVATION OF VN EQUATION FOR FLOW THROUGH AN
ASSEMBLAGE OF PARTICLES

Let the process of fluid flow through an assemblage of small particles
be, in effect, the reverse of the process of settling of 'particles from a
suspension in a fluid. Such a process is justifiable for stream-line flow,
for, by the Principle of Relativity, it is immaterial whether we consider
the granular portion of the system in motion and the fluid at rest, or
vice-versa. The only apparent difference between the two cases is that
in the granular system here considered, the particles are held in more
or less fixed positions with respect to each other, whereas in sedimenta-
tion, their relative positions are constantly changing. For the latter
case, the rate of fall of particles through a viscous medium is expressed
by the well-known Stokes1 (11) Equation. Stokes' Law is derived from
from a consideration of the forces acting on a particle during the process
of settling; namely, buoyancy of the liquid acting upward, gravity
acting downward, and the viscous resistance of the liquid acting upward
to retard motion.
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When, however, we consider a system of particles held rigidly in
place, and a gas or liquid passing through its interstices, the forces of
gravity and of buoyancy do not enter into the mechanism of the flow
process. There remains only the impelling force on the medium and
the retarding force of friction of the particles against the medium by
reason of its own viscosity and the surface roughness of the particles.

An equation for the retarding force of viscous resistance was derived
by Stokes (12), expressed in terms of linear velocity of flow, radius of
particle, and viscosity of the fluid, as follows:

F == <5 7T 7? rv (1)

in which -q — viscosity of the fluid, r = radius of particle, and v = linear
velocity of flow.

This retarding force may be expressed in terms of the pressure
gradient necessary to maintain a steady flow of the medium through the
granular column and to overcome the viscous resistance of the particles
against the medium.

If the arrangement of the particles in the column is such that the
pressure gradient is uniform, we may express this force tending to
overcome the resistance to flow of the fluid in terms of the pressure
drop and the cross section of column as follows:

F — A&p (2)

in which the cross section A is constant, and A p is the pressure drop.
This assumption must, however, be tested experimentally before it can
be justified.

The total number of particles which contribute to this retardation of
the air stream is evidently the total volume Vt, in which all of the par-
ticles are contained, divided by the volume Vp, of the individual particle.
Thus, assuming the particles to be spherical, we have:

Vt A (h)
X = — (3 )

VP 4/3 *r*

where A = cross section of the column as before, h *= depth of column,
and r — radius of the particles.

Equation (3), however, assumes that the particles entirely fill the
volume A (h), a condition which never exists and which, moreover, is
impossible. It iss approximated when the ratio of the radius of particle
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to that of the cylindrical container becomes very small and when the
particles are packed together as closely as possible. In order that the
equation shall express the known facts as closely as possible, we shall
introduce a coefficient <£\ which will be a measure of the deviation of
the true volume occupied by all of the particles, from the total vol-
ume A (h). This coefficient will evidently be some function of the
radius of particle and of the tube, and may be related in some manner
to the degree of compaction. It is functionally related to the cube root
of the porosity since the latter is the ratio of void volume to the total
volume occupied by an assemblage of particles.

When the total volume of the column is multiplied by this coefficient,
we obtain that portion of the total volume actually occupied by the
particles, and their total number then becomes:

Ah<f>
Ar — (4)

f/3 * r*

It is of interest to examine further the properties of the function $,
to ascertain whether it may adequately reproduce the conditions of
flow for such systems. When the particle radius is very small as com-
pared to that of the confining vessel, the volume of the particles
approaches that of the container as a limit, and the interstitial spaces
are then negligibly small Under this condition, in order for equation
(4) to hold, the value of <1> must become unity.

We may represent these facts by some such expression as the fol-
lowing :

*—i-f(r/R) (5)

in which r ===== radius of particle, and R ==- radius of confining vessel.
This function of the two radii must also meet other requirements.

\ \ hen r < R and itself approaches zero, the ratio approaches zero, and
<& = /. When r = 7?, there can be no flow, since obviously when the
particle has the same cross section as the container, the latter is entirely
obstructed. The coefficient <£ is also related to the "wall effect'* which
arises from channelling through the annular space between the granular
column iand the wall of the container, and this effect increases as r
approaches R in magnitude. The exact nature of the function in equa-
tion (5) cannot be deduced from theory; we shall assume as a first
approximation that for the case here considered, <J> is a linear function
of the ratio r / R.
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There is, however, another factor which enters into the retardation
offered by a granular column to the passage of an air current, namely,
that by reason of a possible alignment of the particles in the column,
some of the particles may be hidden by others and thus not contribute
equally to the resistance. This "hiding effect" can be accounted for b\
way of some proportionality constant "kM between the force of retard-
ation and the volume rate of flow, and will in general have a value less
than 1.

Combining equations (2) and (4), the retardation which must be
overcome by the moving air current passing through a column of A'
particles is given by:

6kAh<f> p A h 7] v
F = A A p 6 it r) K r v = •— vrz =- — k # {6)

4/3 * r» 2 r

Transforming from linear velocity to volume velocity through the
relation: V = v A, we obtain

2 r2 A Ap
V--= (7)

p k <3> h 7]

Transposing and combining all of the constants into one constant, Kf, we
have

/ i \ Vhv

\ k $ ) XpAr2
(7a)

i , _ f . , «
P

Or, since rf = ^rf where rf = the diameter of particle and r = radius,

K' Vh-q

4 ApA d2

The terms in this equation are experimentally deterniinable, and the
\ alue of <£ for soils will later be shown to be so near unity as to fall within
the limit of experimental error. This equation which we have derived
on the basis of Stokes' Law, is similar to that obtained by Slichter G*}
the basis of Poiseuille's Law. This is to be expected since resistance to
flow of a fluid is due onlv to the viscosity of the fluid medium. We have
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chosen to call this constant K, a structure constant, which, as will be
shown later is characteristic of structure in soils, and correlates with
other properties which depend upon structure.

DIMENSIONAL TEST OF THE EQUATION

We may now determine the dimensions of the constant K in terms
of the fundamental units of mass, length, and time. Each term in the
equation may be represented dimensionally as follows :

V = volume of fluid delivered per unit of time: U T"1

p (=) ML^T-2

d( = ) L

Substituting these dimensional expressions in the equation, we obtain

UT"1 ML'1!'-1 L
K(-)

ML^T-2 77 L2

( = ) unity.

The constant K thus appears to be non-dimensional, which indicates
that the numerical value of the constant will be the same for a given
granular assemblage, as long as the experimental data are consistently
expressed in either the English or the metric system of units. Moreover,
since K by equations 7a and 8 is equal to 1/18 (j/k $>), it is a function
only of variables which determine structure in granular systems.

The final equation (8) is based upon three assumptions: First, that
the particles in an assemblage ofter the same resistance to the flow of a
viscous fluid that the fluid itself would offer to the same particles if
they were allowed to fall, otherwise unrestrained, through the medium
with the same relative velocity. It will be shown that this assumption
is justifiable in the case where the rate of flow is sufficiently slow that
the flow may be assumed to be stream line or rectilinear. Second, it
is assumed that the particles are spherical in shape or nearly so. Third,
the pressure gradient through the column is assumed to be uniform.

This equation differs from that of Poiseuille in the respect that while
*'r" in Poiseuille's equation is the radius of a uniform capillary, the
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quantity "d" in our equation is the effective diameter of particles com-
posing the column.

EXPERIMENTAL METHOD

The experimental work of this investigation was planned to verify
the validity and the extent of application of the above equation (8) for
the evaluation of K, the soil structure constant, for various materials
under different conditions. More particularly, it was desired to estab-
lish the limits within which the constant would be specific and reproduc-
ible for soils. This was done by measuring the change in volume rate
of flow while one of the physical factors was independently varied,
the remaining factors being held constant. Consecutive sets of such
data were obtained for lead shot of various sizes, standard soil separates,
and actual soils.

The use of flow measurements in the study of the physical properties
of soils is not an inherently new method of soil study, a fact which was
pointed out in the foregoing literature references. King (9), Mc-
Call (13), and others have described such methods, but the limitations of
the method do not appear to« have been critically investigated. Neither
has the method been generally adopted as a routine procedure in the
physical testing of soils. The results which will now be presented have,
however, inspired a measure of confidence in the method and its poten-
tial value, provided it has been definitely standardized.

In the course of this investigation the aim has been to control and
measure the various factors with reasonable precision and thus to estab-
lish the general applicability of flow measurements for the evaluation of
soil structure.

CHOICE OF FLUID FOR FLOW MEASUREMENTS

For the purposes of flow measurements, the choice of fluid is import-
ant, principally because of the possible effects of the fluid itself upon the
properties of the soil. In the evaluation of structure we are concerned,
as indicated before, with the amount of pore space which is effective
for the transmission of both air and water. It seems well established
that the soil solution moves through the soil by way of a continuous film
whose thickness depends upon the water content of the soil. It is of
equal importance to know to what extent air and carbon dioxide are
free to move through the soil capillaries. The choice of a fluid for
structure determination must be consistent with the average conditions
prevailing in the soil. When water or aqueous solutions are used, as in
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percolation experiments, the soil particles themselves undergo drastic
changes by reason of the swelling of the colloids. Under such condi-
tions the percolation rate must necessarily decrease with the time of
contact of the liquid with the soil. Permeability so determined can
scarcely be a true measure of structure, because the conditions of meas-
urement are neither normal nor constant. Moreover, if water is used as
the fluid, the soil would be water-logged—a condition which is abnormal
and at best of temporary duration. After the gravity water has drained
off, the voids are rilled principally with air saturated with water vapor.
Even in the water-logged condition, a certain percentage of the voids
is still partially filled with air. Since the thickness of the water film is
probably small as compared with the diameter of the average pore, it
seemed more logical to study the rate of air movement through the soil,
rather than the movement of water.

These considerations led to the choice of air as the fluid for the meas-
urements. There are other obvious advantages which render its use
desirable. First, when air saturated with water vapor is used, the
normal or generally existing condition of the soil becomes the basis of
the measurement, and the results must approach nearer1 to the true
structural relations of the soil. Second, by using a g&s, such compli-
cating effects upon flow as high viscosity (and variable viscosity), surface
tension, capillarity, swelling of colloids, solubility and hydration effects,
base-exchange reactions, which attend the passage of water or solutions
through the soil, are obviated. Tt is assumed that the soil is in an
equilibrium condition when flow is measured with air, and that the pas-
sage of the saturated air through the soil will not perceptibly change that
equilibrium. Since the magnitude of the combined effects of the above
factors involved in liquid flow, are uncertain (and perhaps in some
instances unknown), it is difficult to make correction for them. On the
other hand, the only variables which affect the use of air for this pur-
pose are temperature, pressure, and humidity, all of which can be
controlled or for which corrections can be made. Finally, when a liquid
is used, there is an inevitable translocation of the finer particles which
must result in changes in structure. For these reasons, the measure-
ments made in this study were limited to experiments with air.

DETAILS OF THE EXPERIMENTAL METHOD

The apparatus which was designed for this work is shown in Figure 1.
The air stream enters from a compressor at A, passing through a

cotton filter to absorb any oil vapors which may have been carried over
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by the air from the compressor. It then passes through wash bottles
and a bead column ?» containing water, which serves as a humidifier.
C is a by-pass pressure regulator and D, a trap to catch any spray. E is
a manometer to measure the total pressure in the line; F is an auxiliary
by-pass to permit of more accurate pressure adjustment. G is a manom-
eter which measures the pressure drop through the column. H is the
tube containing the soil or other granular material to be studied. I is a
dry-bulb thermometer, and J a wet-bulb thermometer. K is the gas
meter which indicates the volumes of air delivered.

PROCEDURE IX ME-\SUREMEXT OF AIR FLOW

The experimental procedure consisted in passing air at a definite
humidity through the column of material, and measuring the volume
delivered after a chosen period of time under a constant head of pressure.
Some of the details worked out with particular care will be described.

1. Nature and calibration of diaphragms used.

Flow measurements through granular substances obviously necessitate
the use of some retaining diaphragm in the resistance tube. Diaphragms
of brass-wire gauze of various meshes—60, 100, and 200—were used,
so that they could be adapted to any material to be studied. The resistor
tube was mounted in a snug-fitting brass cylinder, threaded at each end
and fitted with brass caps to which an outlet tube was attached at the
end. Inside these caps were placed the gauze diaphragms, and air-tight
contact was made between cap, diaphragms, and glass tube by way of
rubber gaskets into which the gauze diaphragms had been cemented. The
preparation of the diaphragms was accomplished by the use of vulcanized
rubber such as is used in the mending of tires. A hole having been
punched through the center of two such patches, the circle of wire
gauze was placed between, and the whole made secure by pressing the
active cementing* surfaces of the rubber tightly together. This simple
device made it possible to prepare and change diaphragms in the tube on
short notice, and afforded an air7tight joint when the caps were screwed
on.

2. Calibration of the resistance tube.

The resistance tube with its gauze diaphragms at each end offers a
sensible resistance to the passage of the air current. In a sense, the
diaphragm is the limiting factor in these measurements. It was there-
fore necessary to calibrate the tube so that corrections could be made for
the diaphragm resistance. It must be possible to assume that the dia-
phragini remains constant, with respect to both the size and number of
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exposed openings, throughout a series of determinations on a given
material. To make certain on this point, the tubes with their several
diaphragms were calibrated periodically, and found to remain constant
within very close limits. i\nother condition must be fulfilled by the
diaphragm, namely, that the openings shall be small as compared to the
diameter of particle to be retained by it. This requirement is obvious
from the fact that as the particle size approaches that of the opening
itself, there will be some chance of particles becoming lodged in the
openings and decrease the normal air conductivity of the diaphragm,
thus introducing an error that cannot readily be corrected.

A typical set of calibration data is shown in Table L

On account of the resistance of the diaphragms, we are obliged when
measuring the flow resistance of a soil, to apply a blank correction for
the pressure drop through the empty vessel. Unless the flow rate is
constant, or at least the same for the empty vessel filled, a subtrative
correction for the diaphragrn resistance cannot be made. Working at
constant pressure head and determining rates of flow for empty and
filled vessel respectively, may likewise lead to absurd results, because
the rate of flow is obviously much greater when the vessel is empty than
when filled. To obviate these difficulties and to make the conditions as
nearly comparable as possible, it was decided to obtain a curve in which
the flow rates through the empty vessel were plotted against the pres-
sure drop taken over a fairly wide range of pressures. The curve so
obtained enables a "vessel correction" to be made by merely taking from
the curve the value of the pressure drop corresponding to the volume
rate actually found for the soil column in question. This correction
being in the same units as the actual pressure drop used in a flow meas-
urement through a column of soil, it can be directly applied by sub-
traction.

Another precaution must be taken, however, in making the calibration,
because a difference in flow may arise from the fact that the tube as a
whole is empty during the calibration but filled with soil during an
actual experiment. To meet this difficulty a simple expedient was
adopted—namely to insert into the tube a tightly fitting stopper carrying
a glass tube of the same bore as the exit tube of the vessel, and conr
nected to the latter by a small piece of rubber tubing.

The resistance of the diaphragjms of 100-mesh or larger was so small
generally, that it could well be neglected. This was not true of the 200-
mesh diaphragm, in which the correction in some cases amounted to as
much as 10 percent of the total resistance of diaphragm and scolixrnn.
In addition to the foregoing precautions, it must be possible to assume
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of gases through it is a function of soil structure. Reproducibility in
such measurements involves the problem of compaction of the soil sam-
ple. The results of flow measurements can become applicable to prac-
tical problems only in so far as field conditions can be approximated in
the laboratory. It must be recognized at the outset, however, that any
arrangement of soil particles whatsoever, other than that which actually
exists in the soil, must of necessity be an artificial one. This aspect of
artificiality of conditions, however, characterizes all types of experi-
mental research that may be carried out upon soils in the laboratory. It
is never possible to duplicate perfectly the exact conditions which obtain
in the soil in situ. On the other hand, the conditions which exist in
the field are not a satisfactory basis upon which to make comparative
determinations because of the \ariations in properties that occur from
cross section to cross section in the soil. If physical measurements on
different soils are to be made comparable, the soils must be reduced to
the same physical state of aggregation.

We are, therefore, obliged to adopt an artificial means of securing
reproducible and controlled structures in which the laws governing flow
may be studied, apart from the influence of various simultaneously com-
plicating] factors. Tn order that the procedure for physical compaction
shall be reproducible, it is necessary that the distribution of particles
throughout the experimental column as well as their compaction shall
be as nearly uniform as possible. It was assumed that the state of
maximum compaction possible under gravity would not only be the
most nearly reproducible, but also approximate most closely the actual
conditions existing in the soil. It is perhaps justifiable to assume that
the soil, when moistened after compaction in the column, will compact
itself in accordance with the natural processes of adhesion, cohesion, or
.swelling1, though this process is without doubt a slow one. The nature
of the packing operation should be such that the particles are caused to
orient themselves in the most closely packed configuration possible under
gravity, and yet leave the shape and size of the particles unchanged.
Actual compression of soil columns under high pressures is an unsat-
isfactory procedure because the pressure is not transmitted uniformly
in all1 directions, and the crushing of grains in regions where the pres-
sure was greatest would result in changes in texture as well as structure.

ELECTRICAL METHOD OF COMPACTION

In order to meet these various conditions, a procedure was adopted
in this investigation by which the material was slowly dropped into the
resistance tube under electrical vibration. The operation is so gentle
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that no changes in size or shape of the particles can result. However, in
using this* method, the factors of time of vibration and force or energy
of impacts of the vibrator are important.

The apparatus designed for this purpose consisted of an electromag-
netic vibrator operating on any desired voltage mp to 30 volts. By
means of a step transformer, the 110-volt alternating currect could be
stepped down to a series of voltagies varying from 2.5 to 30 volts at
intervals of 2.5 volts. It was thus possible to vary not only the force
per impact of the vibrator arm upon the vessel, but the number of
impacts of the vibrator per second as well. The time of packing was
also varied. If the impacts; proved to be too frequent or vigorous, the
result was a churning up of the particles, the force of the impacts being
too great to allow them to find their places in the column in closest
compaction. There was also a certain degree of segregation of the
particle sizes if the time was prolonged by reason of settling of the
smaller particles to the bottom. Experiments were carried out in which
the voltage of impact was varied, and the volume of flow rate determined
on the column after each compaction, the very same sample of granular
material being used throughout a given series of measurements. The
data so obtained in a typical experiment are tabulated in Table 2.

The more severe modes of packing were found to leave the material
with a more "open'' structure than those in which the particles were
merely assisted in finding their proper places. Too gentle vibration
was likewise found to fail of maximum compaction, and since the force
of the impacts was so slight, as when voltages of 2.5 to 10 volts were
employed, a considerably longer time was required to prepare the
columns, with a consequently greater possibility of segregation. The
data are plotted as shown in Figure 3.

The flow rates are plotted as ordinates with voltage of current oper-
ating the vibrator as absciss?e. It is seen that a minimum volume rate
is realized at voltages from 15 to 22.5 volts, the minimum being about
17.5 volts, and this point corresponds to maximum resistance, and there-
fore maximum compaction. This curve holds for sands, gravels, and
soils in a 30~cm. tube of 4-cm. bore. If tubes of other dimensions are
to be used, it is advisable to determine the vibration voltage which will
produce maximum compaction, for it is assumed in all flow measure-
ments made to estimate structure, that the compaction shall be at a
maximum, a condition which is the only one that can be satisfactorily
reproduced.

Some experiments were made with denser materials such as shot, for
which a more vigorous method of vibration is necessary to cause them
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Fig. 3.—Curve showing variation of flow rate with electrical compaction at
different voltages of vibrator.

to orient themselves properly in the tube. This is possible by the use
of vibrators operating at higher voltages and exerting a greater force
of impact or vibration. Both the electrical method and that of simple
tapping or jarring by hand with a rod fitted with a rubber stopper were
studied. A comparison of the results with various modes of compac-
tion is given in Table 3, when applied to various types of material. The
agreement is found to be entirely satisfactory, whether compaction is
accomplished by electrical vibration or by hand. Another important
condition alluded to above is the rate of feeding of the material into
the tube-—which should be such that the influx of material should not
exceed the rate at which the particles can find their proper places in the
column. The proper rate of addition is so readily observable that the
adjustment can easily be made after a little experience. The time
required in the compaction should be chosen so that segregation will be
reduced to a minimum.
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TABLE 3.—EFFECT OF MANNER OF COMPACTION ON REPRODUCIB1LITY OF STRUCTURE.

Kind and
condition

of material

Fine gravel
1.5-1.0 mm.

t = 22° C.

P = 697 mm.

Humidity 100%

Depth 10 em.

p = 100 mm.
oil

Medium sand
.7 5-. 5 mm.

Conditions same |
as above \

1

1

Soil
Iowa Carring-
ton loam
Air dry

Temperature =
24° C.

P = 700 mm.
Humidity 97<%
Depth 10 cm.
:t = 200 mm.

water

Order of
sampling

1. Fresh sample

2. Same wimple

3. Same sample

4. Fresh sample

o. Same sample

6. Same sample

7. Fresh sample

<S. Same sample

9. Same sample

I. Fresh sample

"2. Same sample

3. Same sample

4. Fresh sample

5. Same sample

6. Same sample

1. Fresh sample

2. Same sample

3. Same sample

4. Fresh sample

5. Same sumjle

6. Same sample

7, Same sample

Method
of com-
paction

Electrical
vibration
Electrical
vibration

Jarring
h\ hand

Electrical

Electrical

Jarring
by hand

Electrical

r let\ncal

Jan ing
b\ hand

Electrical

Elect* ieal

Jarring
by hand

Electrical

Elictxioal

Jairfrig
b\ hand

Electrical

Electrical

lairing
hy hand

Electrical

Electrical

Jarnns?
by hand
Jarring
b> hand

Corr.
vol. rate

Lit./min.
.900

.S98

.900

.917

.909

.900

.889

.S8S

.SS9

.1311

.1300

1312

.1296

.1338

.1337

.0452

.0450

.0455

.0469

.0456

.0471

.0465

Corr.
vol. rate

Lit./min.
25.46

25.44

25.46

25.95

25.f>5

25.75

25.20

25.10

25.20

3.712

3.0S

3.71S

3.66S

3.785

3.785

1.2S0

1.274

1.2S8

1.32S

1.290

1.330

1.316

Mean
vol. rate

Lit./min.

25.45

25.SO

25.20

3 70

3.75

1.28

1.32

Devia-
tions

from the
the mean

%

.04

1.3

.6

.6

.6

.h

.8

5. Operation of the apparatus in a typical determination.

Although the technique of measurement is simple, certain precautions
must be observed if precision is desired. The gas meter used was an
ordinary Sargent Gas Meter, such as is used in gas-calorimetry, the dial
of which was graduated to read to 0.001 cu. ft., the smallest interval of
volume thus possible to estimate being 28.3 cc. The precision of meas-
urement was therefore conditioned upon the total volume chosen for the
flow. This total volume was adjusted to the material under observa-
tion, in order that the results would all be of comparable accuracy. It
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was, furthermore, necessary to calibrate the meter against a know n vol-
ume. This was done by connecting the meter with a large carboy, whose
volume had previously been found to be 19,320 cc , through a constant
level device. Water could thus be admitted into the carboy at constant
ihead, to displace the air it contained through the meter. The pressure
and temperature of air in bottle and meter being respectively the same,
the meter readings could be directly compared with the volume of air
delivered from the bottle. The average of several determinations yielded
a meter volume of 19.43 liters. The true volume, however, was 19.32
liters. This corresponds to a percentage deviation of 0.6 percent, and
a factor of 0.994 was employed in all subsequent determinations where
the correction was comparable in magnitude with the precision of the
entire operation. In most instances this deviation was well within limits
of error.

In an actual determination, the flow is begun and when it becomes
steady through the meter, the reading is taken of some position of the
pointer, and at the same instant the stop-watch started. The flow can be
continued for any desired period of time, and the conditions of pressure,
temperature, etc., closely observed and controlled during the flow. Under
such circumstances, the method gives reproducible results, and errors
from measurement can be reduced to a minimum. The air emerges from
the meter at atmospheric pressure and saturated with water vapor, and
in exactly the same condition in which it entered the meter. In order
that the data shall be comparable, the observed volumes wTere all corrected
to the condition of dry air under standard conditions of temperature and
pressure.

The temperature and humidity measurements on the air stream were
made wit'h a wet-bulb and dry-bulb thermometer, inserted in the glass
line as shown in the figure. For the purpose of determining the humid-
ity by this method, the psychrometric tables specify that the lineal
velocity of the air stream shall be at least 5 feet per second. In the
apparatus here used, it was possible to produce a flow well in excess of
this limit, so that by reference to the humidity tables of Marvin (14) ,
using a barometric pressure of 27 inches, the relative humidity was
obtained. Several such humidity determinations were checked gravi-
metrically by absorption of the water vapor in a metered volume of the
air in a suitable drying tube, and the agreement of the determinations by
the two methods was in all cases satisfactory.

The use of a gas meter, as described above, for the measurement of-
the volume rates, is, however, not absolutely necessary. A simpler
expedient may be employed, consisting of an ordinary flow meter, whose
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volume delivery can be adjusted by a suitable choice of capillary tubes
connecting the arms of the manometer tube. Where a wide range of
volume rates is desirable, as with soils of various types, the range of
such a flow meter can be considerably extended by inserting two capil-
laries of different internal diameters, and a three-way stopcock which
serves to connect either of them at will with the flow tube. Such an
assembly which makes the general method more suitable for routine
work is shown in Figure 4. It is equipped with wash bottles containing
water for humidification of the air, the tube for the soil column, a pres-
sure manometer, and a double-range flow meter, and a flask which con-
nects with an ordinary water-suction pump and fitted with a stopcock for
adjustment of the rate of flow. This apparatus possesses advantages of
simplicity and especially of being direct reading, the flow meter having
previously been calibrated to indicate rates of flow.

EXPERIMENTAL RESULTS

It was shown by the equation (8) derived in an earlier section, that
the rate of flow of air through granular columns of granular material
was a function of the following variables: pressure drop through the
column; depth of column; cross section of column; effective diameter of
particle; and viscosity of the fluid. These variables were investigated in
turn, to establish the flow equation by experimental evidence, all remain-
ing variables being maintained constant during a given series of experi-
ments. The degree of compaction was maintained constant in all of the
determinations.

VARIATION OF VOLUME RATE WITH PRESSURE DROP THROUGH
COLUMN

The effect of pressure drop on the volume rate was assumed in the
derivation to be a linear one, provided that the distribution of the part-
icles was uniform, and that the motion was rectilinear. Because flow
through a straight capillary tube of smooth inner surface is a linear
function of the pressure head, it does not follow, a priori, that the same
will be true for the soil capillaries. Before the results of the measure-
ments are presented, it may be well to consider some of the general
principles of the flow of fluids in so far as they apply to the problem
under consideration.

Viscous flow (15) of a fluid through any tubular or porous medium
may be either stream-line or turbulent, (16) according to the conditions
of the experiment. Stream-line motion is one in which the actual paths
of the fluid molecules preserve their configurations unchanged. A body
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at rest in a moving fluid experiences a force acting upon it whose mag-
nitude depends upon the velocity of the particle with respect to the fluid,
the physical properties of the fluid, particularly the viscosity, the shape
and size of the solid particle, and at velocities above a certain critical
value, upon the surface roughness of the body. At velocities below this
critical value, where the flow is definitely stream-line, the resistance is
due essentially to a shear of adjacent layers of the fluid. The resistance
to the motion of small spheres should, at such velocities, be proportional
to the diameters of the spheres.

However, when the motion is not stream-line, but turbulent, there is
a layer of the fluid in contact with the surface in which the flow is non-
turbulent. The thickness of such a layer is at best very small, but any
increase in the surface roughness would, by producing eddy currents,
s^t up turbulence and thus decrease the effective flow. At such veloci-
ties, the resistance is due partly to surface shear but principally to eddy
currents in the main body of the fluid. The physical characteristics of
the surface over which the fluid is passing would therefore be expected
to affect seriously the resistance to flow, a condition which conceivably
exists in the soil, the particles of which have very irregular shapes and
surfaces.

Although the viscosity of a iiuid provides the means by which
eddy formation becomes possible, and by which the energy of the eddy
currents when formed is dissipated into heat, it has a relatively slight
effect upon the magnitude of the resistance in turbulent motion. Turbu-
lent flow is rarely set up at low velocities, and hydrodynamic experi-
ments on flow through pipes have shown that over a limited range of
velocities, where turbulent flow is known to exist, the resistance of a
body to the motion of the fluid is proportional to Vn where n is slightly
less than 2. At low velocities, where the motion is stream-line, the
resistance to flow should be directly proportional to the velocity. The
viscosity of the fluid also determines whether or not the motion will be
stream-line or turbulent. For fluids of high viscosity, the motion is, in
general, non-turbulent, but with a fluid of low viscosity, such as air,
passing through the interstices of a soil, where the paths may be partly
continuous land partly discontinuous, we may expect the flow to be both
turbulent and stream-line, according to the distribution of the capillaries.
If this is true, then we should expect, on plotting1 a series of flow data
obtained over a wide range of pressure head, to obtain a curve which is
linear for low pressures, but tend toward a parabolic form at higher
pressures.
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This condition has, in fact, been realized in our experiments. The
data are tabulated in Table 4, for various sizes of shot, and standard
soil separates" : coarse sand, medium sand, fine sand, and very fine
<*and, and two soils.

When these data are plotted as shown in Figure 5, with volume rates
as ordinates and prebsure drop as abscissa, it is found that the graphs
for the finer materials are linear over a wide range of pressures. For
columns of coarse material, such as the lead shot, the curves were not
linear but parabolic, conforming very closely to the type:

in which a and b are empirical constants. The equation of the parabola
assumes this form because the apices are not located at the origin. As
the systems of particles become smaller and smaller as to particle size,
the curves become more and more nearly linear, as is strikingly shown
by the graphs for the soil separates smaller than coarse sand. As the
pressure head is increased to high values, 500 mm. of water or more,
then there is a tendency toward deviation from linearity, such that the
volumes delivered at the increased pressure head are smaller than those
indicated by the linear relation.

These findings substantiate the assumption the slippage and turbulent
flow are set up at higher velocities. In fact in several instances it was
actually observed that the volume rate reached a maximum, beyond
which it either remained constant independent of further increase of
pressure, or actually decreased. When such conditions are set up, there
is a decrease in kinetic energy of the gas molecules which must manifest
itself as a heat effect. This heat effect was observed in some instances.
The rise in temperature which is frequently observed when the flow is
just begun through a column of soil which was initially air-dry, must
not be confused with the formei effect. The latter is more probably due
to hydration or even wetting of the particles by the saturated air stream.

The purpose of this inquiry into the variation of the flow rate with
the pressure drop was to ascertain the range of pressures within which
a direct proportionality exists between these two variables. I t is of con-
siderable importance to have a knowledge of these limits when it is
desired to apply flow measurements to an unknown granular mixture
such as a soil. The optimum pressure head to use for a given material
must, however, be chosen with clue regard for the cross section and depth

K These separates were kindly furnished us by Dr. Horace O. Byers of the Bureau
of Chemistry and Soils, U S. Department of Agriculture.
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and therefore smaller than 1-mm. effective diameter, as obtained by the
use of a column of 25 sq. cm. cross section and 20-cm. depth, we may
safely employ a pressure head of as high as 500-mm. pressure and still
obtain trustworthy results. The dimensions here given are found to be
very satisfactory for general use.

The results therefore substantiate the linear relationship between vol-
ume rate and pressure drop, which was assumed in equation (2) of the
derivation, and as expressed in the final flow equation f8) . The magni-
tude of the factor <I>, which measures the "wall effect" becomes appre-
ciable for larger particles, and probably accounts for the parabolic curves
of Figure 5.

It is of interest to inquire into the nature of the <i> function further,
and, if possible, to calculate the magnitude of the wall effect. In the
derivation (equation 5") it was assumed that ® would be a simple linear
(unction of the ratio r/R. We find that a similar function was consid-
ered by Ladenburg {19) in connection with his measurements on the vis-
cosity of liquids, which he determined by measuring the rate of fall of
a smooth sphere through a liquid of known depth, and applying Stokes1

Law\ He studied the "wall effect" for a wide variety of liquids as well
as different dimensions of sphere and container. He found that if "v" is
the observed velocity, then the ideal velocity, uninfluenced by the various
retarding effects is, in fact, a linear function of the ratio r/R, so that

Vtnt.—veu [i + 2.4 (r/R)}

Ladenburg also corrected for an "end effect," which arises from the
slowing up of his spheres by the counter currents produced in the liquid,
and which is a function of the radius of the tube and the height through
which the sphere falls. Snch an end eP'ect was considered in our meas-
urements to be negligible because of the low viscosity of air as compared
with that of a liquid.

In order to ascertain the extent to which the linear relation of the
<J> function applies to the measurements presented in this paper, we have
calculated the velocities of flow for the assemblages of shot which were
found in Figure 5 to follow a parabolic function for the relation between
volume rate and pressure drop. If Ladenburg\s factor of 2.4 holds for
our system, then we should find, on applying it to the experimental data,
the ratio of volume rate to pressure drop to be a constant, which is pos-
sible only if the thus-corrected volume rates are a linear function of
the pressure drop.

The values of "r" and "R" employed in the calculation are those
reported in detail in the section on "Particle Size" later in this bulletin.
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systems behave as though they consisted of bundles of an exceedingly
large number of fine capillaries in each of which a uniform pressure
gradient exists. Such a generalization is also rendered plausible by the
fact that the number of particles in a soil column is infinitely large and
the distribution of the capillaries very closely approaches a probability
distribution.

Figure 6 shows corresponding pressure-volume curves for flow of air
through the soil separate ''coarse sand," as influenced by depth of col-
umn.
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Fig. 6.—Variation of volume rate with pressure drop through column, showing
character of curves obtained as depth of column is varied.

RELATION OF VOLUME RATE OF FLOW TO DEPTH OF COLUMN

Although the flow of air through a granular column is found to parallel
closely the passage of electricity through a metallic conductor, in so far
as the relation to the applied pressure difference is concerned, it does nor
necessarily follow that the inverse relation of flow rate to length of con-
ductor (or in this case, the depth of column) would hold, because of a
possibility of non-uniform distribution of the pores or channels. Experi-
ments were accordingly performed upon columns of different materials
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the table. The constancy of this product is very striking, not only for
a wide range of depth of column but also for different materials. For
soils, an example of which is shown in the last column, the product is a
constant even when colunms of depth as small as 2 cm. are used.

The deviations from constancy of tkk" for coarser materials at lesser
depths as well as for the larger particle sizes, may be accounted for partl\
in terms of a wall effect previously referred to, and partly by reason of
a non-uniform distribution of the capillaries. It is evident also that the
law of averages does not hold for a relatively small number of particles.
The use of a large sample, an expedient frequently resorted to in chem-
ical analysis, will within certain limits reduce the error of measurement
because the assemblage is more representative and such errors are likely
to be compensated. We may conclude from this reasoning that, in
the case of a soil where the number of particles per unit volume! is very
large, a relatively small depth of column need be taken to obtain entirely
trustworthy results. This conclusion is further illustrated in Table 5,
where the values of 4*k" appear to be very concordant over a range of
depths from 2 cm. to 30 cm.

VOLUME RVTE AND CROSS SECTION OF COLUMN

The final equation (8) above derived, shows a linear relationship
between the volume rate and cross section of column. To test this func-
tion experimentally four tubes of different cross section were prepared,
and flow measurements made with the same materials as used in previous
experiments, except the larger sizes of shot, in columns of 20 cm. depth,
pressure head of 200 mm. water, 200-mesh diaphragm, and saturated air
at 24° C. as the fluid.

The data for a typical series of determinations are assembled in Table
7, and plotted in Figure 8.

The curves in Figure 8 show, in fact, a perfectly linear relationship in
the case of the finer materials, but the coarser materials yield higher vol-
ume rates in the tubes of smaller cross section, than would be consistent
with a linear relation. At higher values of the cross section of tube, the
i elationship becomes linear for the larger particles also. We again have
definite evidence that there is a wall effect discussed in the preceding
section, which is related to a peculiar coordination of the magnitudes of
the particle radius, r, and the tube radius, R. It may be noted further
that if the straight lines which appear at the higher cross sections are
extended, they pass practically through the origin- The deviations in
magnitude of the volume rates in these cases from the straight-line curve
are a measure of the magnitude of the wall effect, and must be related
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much larger proportion of voids than that amount of voids which actually
exists as continuous channels for the passage of air.

Experiments on the flow of air through columns of lead shot have
shown conclusively that the volume rate varies directly as the square of
the average diameter of particle, other conditions being the same. A
typical curve representing measurements under the same physical con-
ditions is shown in Figure 9. The plot of volume rate against the diam-
eter of particle is seen to be very closely parabolic. The line marked
(d2) represents the variation of the volume rate with the square of the
shot diameter. The dotted line marked (d2') is a straight line drawn
through the points of greatest probable accuracy. The deviation of the
d2 line from linearity at smaller diameters, is within the limits of experi-
mental error.
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The diameters of the lead shot were measured with a microscope
•micrometer, the shot being mounted on a glass slide. The shot were
spread uipon the slide at random, and the slide fastened into a clamp so
that it could be moved to bring successive rows of shot into* the field of
the micrometer eyepiece, which was being moved horizontally across the
slide. Twenty-five to forty observations were made on shot of each of
five sizes. The meian diameters were calculated in each case after elim-
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inating those observations which showed too great a percentage deviation
from the mean. The diameters were respectively found to have values
as follows:

4.35 ± 0.10 mm.
2.26 =n 0.06 mm.
1.86 ± 0.06 mm.
1.44 ± 0.05 mm.
0.96 ± 0.06 mm.

The deviations of these means from values obtained for the same shot at
different diameters were small, indicating that the shot were very nearly
true spheres. The agreement of our experimental flow measurements
with thjeory is to be credited partly to the true sphericity of the shot
and partly to the very probably uniform degree of packing.

The mean particle diameter of the soil separates obviously cannot be
measured by means of the micrometer microscope. Various methods
have been used by investigators in this field. On the basis of his flow
equation, King calculated the effective particle diameter of soils.
Although such procedure would be justifiable with relatively large par-
ticles as shot, as we have demonstrated in these experiments, it is a
question whether one can logically assume that all of the particles of
\arious sizes will contribute to the resistance of the column in lfke
proportion as determined by their average diameters It has seemed
more desirable to study the range and extent of applicability of the flow
equation for various assemblages, on the basis of an effective diameter
determined by an independent method.

By reason of the irregularity of shape of soil particles, the micrometer
method is both laborious and uncertain. The method of counting parti-
cles and calculating their average diameters from totpl volume as found
from weight and density, is relatively laborious, but if a sufficient num-
ber of particles is taken, the mean value so calculated is1 proibably thje
most representative and trustworthy value obtainable for soil separates
not smaller than silt. The effective diameters of the various sand sep-
arates were determined by this method to be as follows:

Coarse sand: 0.86 ± 0.05 mm.
Medium sand: 0.38 ± 0.05 mm.
Fine sand: 0.16 ± 0.03 mm.
Very fine sand: 0.065 ± 0.01 mm-



MOFBMBXT OF GASBS THROUGH THE SOU 43

Hazen (18) studying the movement of water through band niters
devised a method of determining the effective size of grain. I lis method
consists in plotting the percentage by weight of the various particle ^izes
against the respective grain diameters. He finds experimental!} that
the finer 10 percent of the sand has as much effect upon the rate of
water movement as the coarser 90 percent. The effective she is there-
fore chosen arbitrarily to be the value of diameter where the curve inter-
sects the 10-percent line. This effective size is such that 10 percent of
the material consists of grains whose size is smaller than the mean
spherical diameter, and 90 percent of it consists of grains of larger bize.
This assumption is justified by the fact that the resistance of a heteroge-
neous column is determined in large measure by the finer particles that are
translocated and deposited in the voids between larger particles. This
method applies, however, only to sands such as are used in filtration. The
diameters used in plotting are obtained by means of the micrometer mic-
roscope, and since the grain size within any one soil-separate varies over
a range between arbitrarily fixed limits, a considerable number of part-
icles must be measured in order to obtain a trustworthy figure for the
mean diameter. Moreover, since the sands have relatively uniform spe-
cific gravity, it is quite permissible to use percentages by weight in plot-
ting. If it were desired to apply Hazen's method to a soil of high-clay
fraction, for example, in which the specific gravities of the sand, silt,
clay, and colloid fractions were widely different, it would be necessary
to plot the percentages by volume against the particle diameter.

The determination of effective grain diameter is complicated by the
presence of silt, clay, and organic colloids. The silt and clay fractions
as separated by medhanical analysis, on the basis of Stokes" Law, cover
a range of particle diameters which are in large measure hf/potheticaf.
It is, indeed, a serious question whether either of these fractions behaves
like a system of discreet, granular particles. Within the soil in situ the
clay fraction, which is largely colloidal, undergoes swelling and is within
itself a continuum, in which the individual particle and its effect as such
are largely obliterated. The colloids would tend to adsorb or adhere to
particles of larger size, and cause the latter to appear to be larger than
they really are.

An attempt was mjade to devise an approach to the problem of effec-
tive diameter in a mixture of particles by way of a summation of the
diameters of all of the particles in respective fractions, in proportion
to the percentage of various sizes present in the mixtures. The distri-
bution of particle sizes in mixtures will, according to the mode of forma-
tion of the mixture, be determined either by the Law of Probability (19)
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or by Stokes1 Law. If the number of particles of a given diameter is
relatively large, and these be mixd with a large number of particles of
different but uniform size, and if the mixing be as uniform as possible,
we should have a distribution governed entirely by probability. The
method of producing the mixture would then have no direct relation to
either the absolute values of the diameters of particle or their propor-
tion in the mixture. However, if the mixture were produced by a
process of settling according to density, then Stokes' Law would apply
and the composition o<f consecutive fractions with reference to particle
diameter, would vary not as the first power of the diameter, but as the
square of the diameter.

The mean effective diameter can be calculated from the equation:

P D — p1d1 +

in which P is the total proportion of particles, i *\ 100%, D is the effec-
tive mean diameter, pu p>, pit etc., the percentages of the respective
particle sizes present in the mixture, and dl7 d2) d3, etc , the respective
diameters of particles making up the mixture. This equation may also
be written:

P

When applied to shot of various diameters, we find that the calculated
value of the effective diameter agrees very closely with experimental
observations, in so far as flow measurements are concerned. That is, if
we take a mixture of 50 percent by volume of shot of 2.26-mm. diameter
and mix it as thoroughly as possible with 50 percent by volume of shot
1.44 mm. in diameter, we obtain flow-rate) measurements under similar
experimental conditions as would be obtained with a similar column of
lead shot 1.86-mm. diameter. It may be noted that the calculated effect-
tive diameter in this case is:

D = o.p (3.26) -H 0,5 (1.44) = 1.85 mm.

The same has been found with particles of diameters differing more
widely from each other, as well as in cases where mixtures of three or
more sizes were taken.

If this method is applied to soil fractions, the agreement is not quite
as good, probably on account of variation in shape of the particles, and
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because it is not possible to realize a degree of uniformity in diameter
or shape of grain in the individual soil separates as is possible in mix-
lures of uniform shot. When, however, we determine the mean diam-
eter of particles in two separates such as "coarse hand" and " \ e n fine
sand," by the method of counting and weighing as used above, and mix
these thoroughly in 50-50-percent proportion, we obtain a flow rate
which closely agrees with that of pure "medium sand." In the cabe of
such a mixture, the calculated effective diameter is 0.46 mm., whereas
that of "medium sand" is 0.38 mm. This would indicate that a mixture
of coarse sand and very fine sand at closest compaction has a resistance
greater than that indicated by flow measurements, and behaves as though
it consisted of particles of smaller effective diameter than that calculated
by the summation equation.

The mean effective diameter can also be calculated b\ the equation,
*\ hich gives in effect, the root-mean-square diameter •

which for the case of the lead shot sizes (2.26 mm. and 1.44 mm.) used
above, yields an effective diameter of 1.89 mm. The mean diameters
obtained by such a relation are so closely in accord with the arithmetical
mean that little can be gained from the relatively laborious method of
calculation.

Although these devices yield results which are in close agreement
with experiment, the problem of how to deal with the clay colloid
fraction still presents serious difficulties, because the mean effective
diameter of that fraction is likewise an unknown quantity. If, as sug-
gested before, the colloids form a continuum and therefore do not
function as discreet particles, their essential influence lies in their effect
upon the size of the capillary pores. In other words, they function
principally to obstruct the capillary voids between larger particles, since
by reason of their minute size, the capillaries existing between the colloid
particles alone must be infinitely small.

This problem was investigated further by determining the flow rate
through assemblages consisting principally of a given constituent, for
example "coarse sand," to which various amounts of silt or clay were
added. These constituents were either thoroughly mixed, or arranged
in strata to determine the effect of such arrangement. It was found, for
example, that in Tucson loam from the University Polo Field, when
stratified in the flow tube gave about the same flow rates whether the
stratum of finer materials was located above or below the coarser
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stratum, but that the finer stratum determined the resultant volume rate,
the value of which was not greatly different from that of the fine
stratum alone. When thoroughly mixed, however, the volume rate was
reduced by about 30 percent. The following Table 8 gives a typical set
of observations:

TABLE b.— FLOW OF AIR THROUGH COLUMNS OF MATERIALS STRATIFIED OR
THOROUGHLY MIXED. (Tucson Loam.)

Size range

mm.

0.75-0.5

2.00-1.5

Both sizes

Both sizes

Both sizes

Depth of column

5 cm.

5 cm.

10 cm.

10 cm.

10 em.

A P

mm.

100

100

100

100

100

\rrangement

Uppei 5 cm. 2 00-3.5
Lower 5 cm. 0.75-0.5

Uppei 5 cm. 0.75-0.5
Lower 5 cm. 2.00-1.5

Mixed uniformly

Volume rate

Lit./min

7 61

48.00

8 37

8.05

5.72

These data show strikingly how the relative arrangement of particles
of different sizes affects their resistance to the passage of air.

Another series of determinations was made on mixtures of coarse
sand with three other soil fractions respectively, namely very fine sand,
silt, and clay. The experiments were in all cases made with mixtures as
uniform as possible. The data are shown graphically in Figure 10, in
which volume rates are plotted as ordinates against percentage of consti-
tuent in the binary mixture jas abscissae. It will be seen from these
graphs that a relatively small percentage of clay is necessary to reduce
the volume rate through a column of coarse sand very markedly, until
at 30 percent clay in the mixtures the volume rate dropped to 0.6 liter
per minute, &nd thence slowly approached zero. These experiments
indicate that a relatively small percentage of clay is necessary to reduce
air movement very appreciably, and this effect is due largely to the fact
that the finer clay particles surround the larger sand particles and reduce
the effective diameter of the capillaries through which the air can pass.

EFFECT OF VISCOSITY OF THE AIR

The viscosity of the air used as a fluid determines in large measure
the resistance to flow, and as indicated by equation (8) the volume rate
of flow should vary inversely as the viscosity of the fluid. If the fluid
is humid air, its viscosity is very markedly affected by temperature and
composition,. It is therefore necetssary to measure or control their
factors in the determination if reproducible and consistent results are to
be obtained.
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SO 6O
%5\LT OR CLAY

\PC

Fig. 10.—Volume rate of air flow as a function of composition of column with
respect to two different pai tide sizes. A—Mixtures of coarse sand and clay. B—
Mixtures of coarse sand and silt. C—Mixtures of coarse sand and very fme sand.

The fectors of temperature and humidity as affecting the viscosity of
air have been extensively investigated. Prediction on the basis of the
Kinetic Theory as well as numerous viscosity measurements have shown
that the viscosity of a gas increases with the temperature, but is inde-
pendent of the pressure. The work of Rankine, Graham, and Milli-
kan (20) and others gives a value of 0.0001824 c.g.s. units for the vis-
cosity of dry air at 23° C, to an accuracy of 0.1 percent. An empirical
equiation obtained by Millikan makes possible the calculation of the vis-
cosity to any desired temperature with the value just mentioned at 23°
as a reference value:

rj = 0.0001824 — 0.000000493 (23 — t° C).

It may be seen from this equation that the temperature correction in the
second term is so small for the ordinary temperature rangie that it may
be neglected.
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Fig 11.—Variation of viscosity of air with temperature and humidit}

Humid air is less viscous than bone-dry air, as shown by Stearns (21),
who states that the viscosity is decreased by saturating air with water
vapor, the decrease depending upon the pressure of the air. At 760
mm. it is 0.3 percent, at 14 mm. 35 percent less than the viscosity of dry
air. The data so far as they are available have been plotted and are
shown in Figure 11. For the purposes of the calculations in this work
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interpolations were necessary because of the limited amount of data for
viscosities at intermediate humidities. The humidities were determined,
as stated in the description of the method, from the wet- and dry-bulb
thermometer readings in the apparatus, and the corresponding values
obtained from the graph, either directly or by interpolation.

Experiments were then made to determine to what extent the inverse
relationship between flow-rate and viscosity of the air would hold for
the measurements by the method described. The relative humidities
chosen were 100 percent (saturation), 58 percent fas given by bubbling
through a 40-percent sulfuric-acid solution), 17 percent (as given by a
60-percent sulf uric-acid solution), and 0 percent complete dry ness, as
obtained by passing air through concentrated sulfuric acid, then through
a long column containing fused calcium chloride and barium perchlorate ).
The resistance tube with diaphragms was also calibrated with air at
these humidities, so that accurate corrections could be made. The satur-
ation train containing the sulfuric acid could be rejuvenated at intervals
so that the vapor pressure of the solution could be maintained constant
during a given experiment. The results so obtained for "medium" sand
are shown in Table 9, in which the flow rate in liters per minute is tabu-
lated with the viscosity of air in c.g.s. units. The inverse relationship
is indicated, as in the case of the volume rate and the viscosity is con-
stant within limits of experimental error.

TABLE 9—PLOW R4TE AND VISCOSITY OF AIR.

Temperature

• 0 .

26

26

25 2

24 4

Humidity

%

100

58

17

0

Viscositv

c.g.s. units

.000118

.000140

.0003675

.0001824

Flow rate

Lit/min.

30.2

25 9

20.7

10.3

Constant

k

.00355

.00363

00347

.00332

QUANTITATIVE TEST OF THE EQUATION

Having thus established the essential correctness of the equation (8)
and the limits within which it may be considered valid, it was decided
to correlate all measurements which had been made on a given material
under the various physical conditions, as well as to extend the measure-
ments to other materials under conditions varying within wide limits.
In each'case the constant was calculated, and the extent of their concord-
ance examined. It is recognized that although the equation was derived
on the bftsis of a definite mechanism assuming Stokes' Law, it is empir-
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ical to the extent that it involves certain arbitrarily chosen experimental
conditions, such as the degree of compaction, and also that it recognizes
certain definite limits within which it holds. Nevertheless, we may
regard the constants as relative measures of the "closeness" or "open-
ness" of a soil under reproducible conditions.

The constants representing the structures of the different granular
materials are tabulated in Table 10. In applying; the formula, the units
were so chosen that the constant finally obtained would be of conveni-
ent magnitude. It was calculated in terms of c.g.s. units, with the
various quantities being assigned units as follows:

Volume rate in cc. per minute.
Pressure drop in mm. mercury.
Cross section of tube — sq. cm.
Depth of column — cm.
Average diameter of particle — mm.
Viscosity of fluid — c.g.s. units.
Illustration: A medium sand gave the following experimental data:

V « 448 cc./min. Pressure drop «= 200 mm. Oil = 12.7 mm. Hg, A
= 3.8c sq. cm. h = 30 cm. d = o.o^d cm. rj ~ 0.000186 c.g.s. units.

Substituting these values in equation (8), we have

Vvh

A p d2 A

0.448 X 0.000186 X 30

12.70 X fo.036)2 X 3-30
= 40.0

The data in Table 10 show that it is possible to obtain, by the use
of the flow equation, a constant which is remarkably reproducible even
though experimental conditions be varied over wide limits. We may
regard the degree of concordance between the values of this constant
to be a satisfactory test of the equation. The attribute of reproducibility
over such wide limits of experimental conditions is of great advantage,
not only in the respect that a single measurement of volume rate under
an arbitrarily chosen but representative set of conditions suffices to
classify a soil structurally, but also that the results of different experi-
menters, wherever located, become comparable if the conditions of meas-
urement are specified. This feature removes the aspect of uncertainty
which is sometimes felt when a comparison of the results of different
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investigators is attempted. Research on the physical properties and
behavior of soils, especially in regard to structure, will alw(ays be diffi-
cult to correlate and evaluate, until the mechanisms of processes employed
and their quantitative relations are definitely specified.

COMPARISON OF STRUCTURE COSTANT OF VARIOUS
SOILS WITH THEIR POROSITIES

Since the porosity of a soil has in the past been regarded as a measure
of structure, it was considered important to compare this constant with
the structure constant obtained by gas flow. For this purpose several
characteristic soil types were chosen, each screened to pass through a
1-mm. screen, after the lumps had been broken up in a mortar with a
rubber pestle and the whole thoroughly mixed by rolling. From the
'"•oil samples thus obtained, portions were taken for the determination of
porosity and volume-of-flow rate, respectively. These portions were
compacted by electrical vibration at the same voltage and otherwise
treated in the same manner. The porosity was determined by the use
of carbon tetrachloride, the reason being to prevent structural changes
by swelling which would occur with water. The volume-of-flow rate was
determined and the structure constants calculated as described before.

The results are shown grjaphically in Figure 12. It is observed that
the structure constant for soils is not a linear function of the porosity,
but approaches a true inverse relation as the structures become more
and jtnore "open." This is construed to mean that not all of the void
spaces between the particles contribute to the flow of gases through such
Assemblages, and that an appreciable proportion of them either termi-
nates in stagnant estuaries or they are so small that they offer a much
greater resistance to the flow of air than the largter pores. It is there-
fore quite possible that a soil may hjave a high value of porosity and yet
offer a relatively high resistance to the flow of air (and therefore also of
liquids). As the particle size increases, there will be an increase in
porosity and also a greater chance for the interparticle spaces to be
continuous.

It was also found that the relationship between the porosity and vol-
ume rate approaches that of a straight line for more "'open" struc-
tures which are encountered in columns of shot and in the stands and
sandy soils. The results suggest that flow measurements are more
reliable than the porosity, to indicate the pore space in the soil which is
available for the continuous passage of air and water through the soil.
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DISCUSSION AND CONCLUSIONS

The experiments presented in this bulletin have shown that the
method of studying soil structure by measurements of air flow is based
upon definite physical laws, and an equation has been derived by assum-
ing a reasonable mechanism o£ flow. This equation is shown to fck*
verified by experiment and makes possible the calculation of a constant
which is dbi&racteristic of the structure of any given assemblage of
particles. In other words, we have a measure of the ''tightness" and
relative "openness" of a soil, expressed by a number which has been
shown to be reproducible for a given structure within wide limits of
experimental conditions. The experimental limits within which the
equation is valid have been established, and the conditions have been
pointed out which, if observed, will make possible the correlation of the
results of different investigators.
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The qualitative facts concerning structural changes in the soil as a
result of certain chemical changes have long been known, but the magni-
tudes of their effects have not been measured. While it is true that
hydroxyl ions, for example, will disperse a soil and render it impervious,
it is as yet difficult to predict what the combined effect of hydroxyl ions,
neutral salts, and organic matter might be under a particular set of
conditions. The method makes possible the study of the successive
effects of these factors upon the ''tightness" of a soil and may have
important bearing upon alkali reclamation. With a slight modification
the apparatus here described lends itself very readily to the study of
changes in structure during the actual process of root development of
seedlings, for instance, both before and after irrigation. In such a case,
the flow tube is fitted with side tubes for the entry or efflux of water or
salt solutions to simulate the conditions obtaining during irrigation. The
assembly of the apparatus is the same as shown in Figure 4, and has
the obvious advantage that progressive changes in structure or tilth
can be followed while other changes from without are acting. Such
studies are not possible with porosity measurements because they involve
a complete structural change every time a determination is made, and
the exact or original plant-soil relationship cannot again/ be established.
Another advantage to be gained from the method is that the quantitative
effects of changes in particle composition by dispersion or translocation,
as well as actual stratification of particles of a giiven size range, can be
determined. These studies will be dealt with in a later bulletin.

A question arises, however, in the interpretation of structure as so
determined in terms of the property known as the "tilth" of a soil under
cultivation. It seems that the difficulty arises from the fact that the
"ulimate" particle is not the principal entity which determines tilth. The
unit particle is rather an agglomerate of ultimate particles into lumps or
crumbs, each of which behaves as though it were an individual solid
particle. For this reason it would appear that, as far as possible, we
should deal with the soil as it exists in the field without destroying the
lump or crumb particles. It is difficult to obtain reliable results by
the measurements of air flow upon the soil in situ. The most reasonable
procedure would be to employ a telescoped soil tube, taking the sample
without deforming or disturbing it more than necessary. The soil tube
being in sections, it can thus be easily subdivided, and the several sec-
tions attached to the flow apparatus for measurement. Preliminary
experiments have shown that such procedure can be made practical and
reproducible.



MOVBMBXT OF GASES THROUGH THE SOIL 55

S U M M A R Y

1. Structure as a physical property of the soil is considered in the
light of its definition and limitations, with a view of ascertaining a
consistent experimental criterion.

2. I t is pointed out that, while porosity measures the total void space
in a granujar system, it does not afford a measure of either the distribu-
tion nor the continuity of channels which contribute to the free passage
of gases and liquids. The latter concept is fundamental to any logical
definition of s tructure as related to plant growth.

3. A critical study of soil structure is presented, which is based upon
the flow of fiair under various conditions through soil and other granular
columns, in an apparatus in which the essential physical conditions could
be accurately controlled.

4. An equation is derived for the mechanism of such flow, which
assumes that Stokes' Law applies to a stationary granular system through
whidh the fluid is passing. This equation combines the principal vari-
ables, namely, the pressure drop through the column, depth of column,
cross section of column, mean effective diameter of particle, and the
viscosity of the gas.

5. The experimental measurements are concerned with the func-
tional relationship between the volume-of-flow rate and the variables just
mentioned, each being studied while the remaining variables were kept
constant. Compaction o<f the materials by electrical means was found
to give reproducible results for any given material.

6. Correction is made for the "wall effect" which results from a
difference between the radius of the particle and that of the container.
It is found that such deviations from stream-line flow could be accounted
for by way of z factor which is a linear function of the ratio of diam-
eter of particle to that of the circular container.

7. The volume-of-flow rate was found to vary directly as the pies-
sure drop through the column, inversely as the depth of column, directly
as the square of the diameter of particle, directly as the cross section
of column, and inversely as the viscosity of the air. The air viscosity
is derivable from the temperature and humidity of the air stream.

8. A constant calculable from the flow equation on the basis of the
experimental data for the respective soils, soil separates and lead shot,
was found to be constant over a wide range of physical conditions of
measurement. T h e constant is found to be non-dimensional, which
shows that it is a function of structural soil characteristics only. This
constant is designated as a "structure constant" and is characteristic for
typical gjranular materials.
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9. A simplified apparatus is presented which makes possible a raj id
determination of the structure constant for any given material, and is
suitable for routine use.

10. The structure constant is found to vary from soil to soil, the
so-dalled "tight" soils giving a low constant, and the more permeable
soils being distinguishable by decidedly greater values. As may be
expected, there will be variations m structure depending upon textural
and other physical conditions.

11. A comparison between the structure constant and the porosity of
various soils indicated that the relation is not simply linear, as might be
expected if all pores were continuous (and therefore available) for gas
flow. It appears that a certain proportion of the channels terminate as
stagnant estuaries or "blind alleys," and unless through root action or
other agencies they become continuous, they 3o not contribute to the
flow of either gases or liquids.

12. Preliminary experiments on the relation between textural com-
position and structure were made on mixtures of coarse sand and silt
and mixtures of coarse sand and very fine sand, respectively. I t was
found that the structure constant decreases very markedly with succes-
sive additions in percentage of the finer constituent, until about 30
percent is reached, when it decreases gradually to zero. Stratification of
the two constituents markedly affects the resistance to flow, and in
general the constant for a given mixture is greater if the material is
uniformly mixed than if stratified.

13. The bearing of structure upon the rates of soil reactions and
plant growth are discussed.
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