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ABSTRACT
The permeability of soil—its capacity to transmit
water under pressure—may be determined by indirect or direct
laboratory methods or by field methods.
Most field methods are useful only below the water
table, but in this study a procedure for use above the water
table was investigated.

The method consists of inserting

into the ground a pipe which has on its end a perforated cy¬
linder.

Y/ater is allowed to flow into the soil and the time

for the head to drop a given distance is measured.

In ad¬

dition, the natural water content and porosity of the soil
is required.
A correlation is made between field tests and direct
laboratory tests in order to obtain an empirical equation
for permeability involving time and percentage of air voids.
In addition, another expression for permeability is
found by making use of Darcy's law as applied to a flow net
for the apparatus.

The use of a model study on dry sands

is found very useful in determining the shape of the flow
pattern.
Although some additional studies should be made on
certain aspects of the method, it is felt that it may be
recommended for use as a field method of determining per¬
meability.
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CHAPTER I

INTRODUCTION
The knowledge of soil mechanics and its application
to the design of modern structures has grown rapidly in the
past few years.

There is an increasing amount of research

being accomplished in determining the physical soil proper¬
ties affecting the action of soils when used as engineering
materials.

These soil properties, when intelligently used,

are a definite aid in obtaining a more economical, as well
as a more completely designed, structure.
It is often necessary to obtain information concern¬
ing the facility of the soil to transmit water through its
pores.

This facility is known as the permeability of the

soil, and permeability is one of the more important soil pro¬
perties required in engineering studies involving soils.

A

general definition of permeability is that permeability is a
measure of the ability of a porous medium to permit the flow
of fluid through its pores.
definitions

Muskat (1) gives the following

"The volume of a fluid of unit viscosity passing

through a unit cross section of the medium in unit time under
the action of a unit pressure gradient."

The pressure gradi¬

ent may be expressed as the potential or mechanical energy
available to cause a flow of the fluid to a point of lower
potential.

A more thorough treatment of this phenomenon will
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be given in a later discussion.,

The Problem
This investigation had a two-fold purpose: (1) to re¬
view the present methods of determining soil permeability,
both laboratory and field methods, and (2) to investigate a
particular field method—one previously designed for deter¬
mining the permeability of peat bogs below the water table—
and to determine if this method can be applied to other
soils above the water table*

Such was the problem of this

study*
The problem entailed the following general procedure:
Cl) the performance of tests in the field, (2) laboratory
testing of undisturbed samples from the field using a variable
head permeameter, (3) compilation and analysis of findings,
and (4) application of the findings in deriving and support¬
ing both an empirical and an analytical formula for determin¬
ing the permeability of soils*
Since this study deals with the determination of the
permeability of soils, its importance lies in the valuable
uses which may be made of permeability*

Attention is now

given to the uses of soil permeability.

Uses of Soil Permeability
Important uses are made of soil permeability in the
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fields of structural design, oil production, ground -water
hydrology, and agriculture and irrigation.
Structural design.

Consolidation of a soil may be de¬

fined as the gradual decrease of the water content at a con¬
stant load*

The rate at which this decrease takes place de¬

pends, in part, on the permeability of the soil.

Thus, it can

be seen that permeability is involved in almost all foundation
problems.

In the excavation for these same foundations, per¬

meability again enters the problem in the determination of the
amount of water entering the open cut during construction.
Well drained soils are highly desirable in highway or
railroad embankments to ensure the stability of the structure
during rainy weather and thaws.

Here, again, the permeabi¬

lity of the soils being used in the embankment must be known
to ensure proper drainage.

Soils with high permeability are

also desirable for highway subgrades.
Probably one of the most important uses of permeabi¬
lity is in the design of earth dams.

In this case, soils

with low permeability are required in order to minimize the
amount of seepage through the structure.

Hot only is the

loss of water of importance, but the stability of the struc¬
ture depends, in part, on the permeability of all soils making
up the structure.
It is a basic fact that the speed with which water
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approaches an underground tile drain is directly propor¬
tional to the soil permeabilitya

Thus, the design of all

forms of sub-surface drainage systems requires the use of
this soil property,.
There are other minor soil problems involving soil
permeability, but the ones listed above are the most im¬
portant.

These examples have been cited in order to indicate

the major part that permeability plays in the proper design
of engineering structures.

Oil production.

In addition to the work that has been

accomplished by the soils engineer, a considerable amount of
research has been performed by the petroleum engineer and the
geologist*

Of course, their interest lies in oil production*

but they have found that permeability of the oil bearing sands
and rocks is a factor of major importance.

It is obvious that

the rate of pumping would depend on the permeability of the
porous media.

In order to direct flooding and repressuring

programs intelligently, the petroleum engineer must have com¬
plete data on the permeability of the sands.

The proper

spacing of the v»ells may be determined by using, among other
things, the permeability factor.

Sands with low permeability

require closer spacing of the wells than do those sands with
high permeability.

The permeability problem becomes somewhat

more involved for the petroleum engineer in that, in most

cases, oil, water, and gas will occur in the same stratum
and thus complicate matters considerably*

Ground water hydrology*

The ever increasing demand

for additional water by the domestic and industrial consumers
in this country requires extensive studies of the ground
water conditions*

Thus, the ground water hydrologist finds

considerable use for soil permeability in the study of pump¬
ing rates and the availability of water.

Rather extensive

field determinations of soil permeability have been made to
determine the yield of water-bearing strata for future pump¬
ing*
Agriculture and irrigation*

The irrigation and drain¬

age problems of the agriculturist warrant the use of the soil
permeability*

The rate at which the water can be pumped from

the ground, as well as the rate of seepage back into the soil,
depends, primarily, on the permeability factor.

Seepage loss

from irrigation canals is also of major importance*
From this discussion, it is apparent that knowledge of
soil permeability has many important uses*

Consequently, the

value and importance of this study lies in the contribution
which the study makes to knowledge of soil permeability.

CHAPTER II
REVIEW OF OTHER METHODS
In the preceding chapter the importance of soil per¬
meability in the fields of structural design, oil production,
ground water hydrology, and irrigation was indicated.

In the

chapter to follow the complexities involved in the theory of
ground water flow are discussed.

The discussion in this chap¬

ter entails an adequate statement of the theory of ground
water flow and a review of the various methods that have been
utilized to determine the permeability of soils.

Consequent¬

ly, the purpose of this chapter is to afford an understanding
of the process of determining soil permeability.

The presen¬

tation will consist of a rather simplified statement of the
theory of ground water flow, a review of various methods used
in determining the permeability of soils, and a discussion of
the advantages and disadvantages of these methods.
Statement of Theory of Ground Water Flow
It may be said that the rate of flow of a fluid through
a porous medium varies directly as the potential gradient
available.

The constant of proportionality, K, involved in

the expression,
)

may be referred to as the coefficient of permeability, when
accompanied by a statement of the conditions under which it
was evaluated.

In the above expression, q is known as the

specific discharge, or discharge per unit area, and dh/dl
is the potential gradient.

By rewriting the expression, it

becomes

Q=KIA
where Q equals the total discharge per unit of time, I equal
the slope of the hydraulic gradient, and A equals the cross
sectional area.

Now, by replacing I with H/L, in which H is

the available potential or head and L equals length of flow
path, and solving this expression for K,
K

*

’

an expression for K is given in which the terms on the right
hand side may be determined by actual measurements.
Various Methods Used
In general, the determination of soil permeability
may be accomplished in one of three ways: by indirect lab¬
oratory methods, by direct laboratory methods, or by tests
performed in the field.
Indirect laboratory method.

The indirect tests in¬

volve the determination of the size, shape, and arrangement
of the soil particles constituting the material to be tested
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and the deriving of empirical formulas as an expression of

K.
Probably one of the most well known indirect methods
which uses the mechanical analysis of the soil is that of
Allen Hazen (2) in experiments on filter sands.

Hazen de¬

rived the formula,

V

= Cd* £ (0. 70 +0.03t) ,

in which v is the velocity of water in meters per day, C is
generally taken as equal to 1000, de is the "effective size"
of the particles in millimeters, 1 is the thickness of the
soil through which the water passes, t is the temperature
of the water in degrees centigrade, and h equals the loss
of head in passing through the soil.

The term,

Co'/(0.70*0.031) ,
represents the coefficient of permeability in meters per
day for a 100 per cent gradient and the given temperature*
Hazen later stated that the constant C varies with the value
of the uniformity coefficient of the material.

The "effec¬

tive size," as used by Hazen, is the diameter of sand grain
so that 10 per cent of the material is of smaller grain
size.
Slichter (16) developed a formula which is also based
on the mechanical analysis of the material.

<? = 020/3 hde^ic J

His formula is

9
in v/hich A is the cross sectional area of the stratum, A( is
the viscosity of viater, C is a constant, de is the mean
diameter of soil particles, Q is measured in cubic feet per
minute, and the other terms are as given above*
The expression,

o.eo/2 £ ,
is the coefficient of permeability and is usually referred
to as Slichter*s ’’transmission constant.”

He also expressed

his formula in terms of the temperature similar to that given
by Hazen*
It might be Bell to mention here that Dore (3), in
his permeability determinations at Quabbin Dam, mentions the
erroneous practice some engineers make of using Hazen’s 10
per cent size rather than the mean diameter, as defined by
Slichter, in the Slichter formula.

Others have found, along

Yfith Dore, that there is little relationship between the 10
per cent size and soil permeability*

The conclusion has been

reached by most investigators that Hazen’s ’’effective size"
applies only to the filter sands investigated by Hazen*
Dore recommended that when using either of these em¬
pirical formulas, numerous direct tests should be run on the
materials in order to determine the correct grain diameter,
as taken from the mechanical analysis curves, to be used in
the formulas*
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Terzaghi (21) derived an empirical formula based on
the porosity of the soil as well as ‘‘effective size'* of par¬
ticle*

His formula is

where P is the coefficient of permeability,^ and Xf* are
coefficients of viscosity of water at 10° C and at tempera¬
ture t, respectively, n is the porosity of the material
(total voids/total volume), and de is “effective size" of
grains in centimeters*

Terzaghi checked this formula with

direct tests in the laboratory and found very close agree¬
ment for sands.

However, another formula was needed for

use when working with clay.
Still another empirical relationship involving the
rate of saturation, due to capillary action, and the voids
ratio ’was derived by Terzaghi (4) in his soil investigation
of the Granville Dam at Westfield, Massachusetts,

Terzaghi

observed the rate of capillary rise in a vertical tube and
calibrated the values against direct tests on the same soil.
Due to certain difficulties encountered in using the
vertical tube, A. Casagrande (6) developed a capillary method
using a horizontal tube placed in a tank of water as shown
in Figure 1.

If x is the length of saturation during time, t,

it was found that

11

—
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Figure 1.
rise.

v^ GLASS

CrUMDER

Diagram of tube used in determining permeability by capillary

Figure 2.

Diagram of constant head permeameter
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where k is the coefficient of permeability in centimeters
per second, F was taken to equal 100,000 and e was the voids
ratio of the soil.

F was found experimentally and depended

on the type of soil tested.
The four formulas cited above are excellent examples
of the empirical equations derived from mechanical analysis
curves and other soil properties.

Many others have been de¬

rived, but it is believed that these four are the most re¬
presentative.
Direct laboratory method.

The direct laboratory me¬

thod of testing is accomplished by observing the rate of flow
through a given sample for a given period of time.

The ap¬

paratus used is known as a permeameter and may be classified
as either a constant head or a variable head type.

For

either a constant head or a variable head permeameter the
essential requirement is a method of containing the sample
so that a head of fluid may be applied and allowed to pass
through.
There are many different designs, probably as many as
there are investigators of permeability, but the example shown
in Figure 2 contains most of the desirable features of an ac¬
ceptable constant head permeameter.
The head is supplied by the water in the container C,
the overflow B maintaining a constant water level.

The threaded

13
rod D makes it possible to alter the head, if desired.

The

viator passes through the sample contained in the cylinder
E.

This cylinder may be of metal or glass construction.

Lucite has also been recommended.

The water passes through

the sample and out the overflow G into the graduated cylin¬
der, used for measuring the quantity of water, Q, flowing
during a measured period of time, t.

The scale, J, is pro¬

vided for measuring the head, h, acting on the soil sample.
The coefficient of permeability may thus be determined by
the following relation;

where A is the cross sectional area of the sample and 1 the
length, Q is the total amount of water passed during the
v

time t, and h is head of water acting on the sample.
The constant head type permeamater is used for highly
permeable soils such as sands and gravels.

The sample may

be in its natural state (essentially considered to be undis¬
turbed) , or the sample may be placed in the cylinder and
compacted to desired densities.

Some permeameters are equip¬

ped with external loading devices so that a load can be ap¬
plied to the sample during the test, thus simulating field
conditions quite closely.

Some permeameters are designed

so that the water may enter from the bottom of the sample.
This aids in eliminating entrapped air, which is one of the
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Figure 3. Diagram of constant head
permeameter as proposed by Casagrande.

OUTER

TANK

Figure 4.

Diagram of variable head permeameter as designed by Krynine.
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precautions that must be exercised when performing labora¬
tory tests*

Another precaution is to guard against water

flowing between the sample and cylinder wall.

If necessary,

hot paraffin may be poured around the inside edge of the
cylinder to prevent this occurrence.
Another form of constant head permeameter is that
shown in Figure 3, as proposed by Casagrande (5)*

This is

an example of a simply constructed apparatus, and yet it
gave very good results.
Since soils of low permeability pass very little water,
it becomes difficult to measure the quantity of flow in a
constant head permeameter.

For this reason, a variable head

permeameter is used in which the drop in head over a given
period of time is measured.

The use of a small diameter

standpipe simplifies the procedure in measuring small quan¬
tities of discharge through the sample.

The same precautions

must be observed in using this type permeameter as previously
mentioned for constant head permeamaterse
Do P. Krynine (6) developed a rather simplified design
for a variable head permeameter shoY;n in Figure 4.

The sample

is placed in the lower portion of the inner cylinder after
the outer cylinder has been filled with water to the overflov,’
line.

The sample is then allowed to become saturated from

capillary action, which forces any entrapped air from the
sample.

The inner cylinder is then completely filled with

16

Figure 5. Diagram of variable head
permeameter as desired by Gilboy.

Figure 6. Diagram of air permeameter
as used in oil industry.
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water, and the rate of fall of the head is measured.,

Krynine

used this permeameter for coarse sands and gravel, and it
gave quite successful results.
A more elaborate apparatus, as designed by Gilboy (6),
is shown in Figure

5»

In using this permeameter, the time t

for the head to drop from hQ to h^ is measured; and the co¬
efficient of permeability is computed by using the formula,
/o

#e

)

where a is the cross sectional area of the standpipe, A is
the cross sectional area of the sample, 1 is the length of
the sample, and the other terms are as defined above®
Here again, the permeameter may be designed for dis¬
turbed or undisturbed samples and for external loading, if
desired®
Figure

7

shows the variable head permeameter used in

the soils laboratory at The Rice Institute.

The upper head -

is designed so that by tightening the wing nuts against the
calibrated springs, a known external load may be applied.
The undisturbed sample is removed from the ground in the
brass sample tube; the tube, with sample, then being inserted
in the cylindrical base and becoming an integral part of the
permeameter.
This apparatus may be adapted for constant head use
by replacing the glass standpipe with a constant head tank.

Figure 7*

Variable head permeameter used in soils laboratory at The Rice Institute
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In the petroleum industry air is commonly used for
making permeability tests on the core samples.

Figure 6

shows a rather simplified schematic diagram of an air permeameter as designed by Long (7)•

The loss in pressure of

the air passing through the core is recorded and then ap¬
plied to calibration charts for determining the value of the
coefficient of permeability.

The three-way valve is a means

of controlling the quantity of air to be passed through the
core.
Field methods.

The various field methods introduced

here are primarily applicable for use below the water table.
The first two methods discussed are used to a large extent
by ground water hydrologists in determining the availabil¬
ity of water from a given water bearing stratum.

The third

method is best used where the water table is relatively near
the ground surface.
It has been previously stated that the quantity of
flow may be expressed by the formula

Q=K1A .
It Is also true that the quantity of flow passing any given
cross section A of the stratum may be found by the expression

Q* nAVj
in which Q is total discharge per unit time, n is the porosity
of the stratum, v is the average velocity of the water passing
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through the stratum, and A is the cross sectional area*

The

two expressions may be equated in this manner,

hAv^KlA
and the following equation for determining K derived*

In this manner, by determining the porosity, velocity, and
hydraulic gradient, it is possible to determine the permea¬
bility of the water bearing stratum#
One of the early methods of determining ground water
velocity was to introduce colored dye in an up gradient well
and observe the length of time required for discoloration to
reach the down gradient well#

Later, it was suggested by

Thiem that salt instead of colored dye be used#

However,

Wenzel (2) states that there is a disadvantage to both of
these methods, for the velocity is increased as a result of
the gradient being steepened when the sample is taken#
In an electrolytic method developed by Slichter (8),
the presence of the salt in the down gradient well is de¬
tected by use of electrical circuits between wells#

This

method overcomes the disadvantage mentioned by Wrenzel#
The hydraulic gradient, as used in the above men¬
tioned method, is the ratio of the difference in elevation
of the two points to the length of the saturated stratum
between the points#
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The discharge •well method, as developed by the German
hydrologist, Adolph Thiem, and investigated by Wenzel (9),
is a rather elaborate method of permeability determination.
The procedure, as shown in Figure 8 is to locate at
least two, usually more, observation wells, within the cone
of depression of a pumped well.

The data required is the

distance to the observation wells, the thickness of the
water bearing stratum, the discharge of the pumped well,
and the draw-down in the observation wells.

The well is

pumped until a steady state condition exists before any of
the draw-down measurements are made.
The formula,

u- S27.70/03(5)

A

M(S-S')

'

is then used for determining the coefficient of permeability.
In this expression, Q is the rate of pumping in gallons per
minute, a and a* are the distances in feet from the pumped
well to the observation wells, m is the average thickness of
the water bearing stratum, and S and S* are the respective
draw-downs of the two observation wells in feet.
expression applies to artesian conditions.

The above

A similar ex¬

pression has been developed for water bearing materials not
confined under artesian pressure.

Many other formulas have

been developed using the discharge well method; but, basi¬
cally, they are the same.

0

u

2

3

Oc

Section showing assumed ground water conditions for developing Thiem formula,

2
O
£

Figure 8.
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Thais (10) developed a non equilibrium method In which
the time for recovery of a pumped well was observed.

The

formula, as developed, was based on the assumption that
Darcy's law is analogous to the law of the flow of heat by
conduction*

This method was utilized by Rose (11) in his

investigation of the ground water conditions in the Houston
District, Texas*
Actually, according to Hubbert (12), the Theis method
is based on the erroneous assumption that pressure gradient
is the hydraulic analogue of temperature gradient*
The discharge well methods of determining permeability
are most useful for strata well below the ground surface*
Kirkham (13) developed a field method for determining permea¬
bility in which the water table is near the ground surface*
His method makes use of a cylinder inserted in the ground
which allows water to flow through the cylinder and into
the soil*

Theoretically, the soil sample consists of the

soil below the water table*

It was found, however, that

about 80 per cent of the flow during a given period occurs
in a sample about 10 d in diameter and about 2 d in thickness,
d being the depth of the test hole below the water table.
The value of permeability found is actually the effective
permeability, since it is for flow in all directions*
Referring to Figure 9, the formula,
I

TgAtWHl.-J) >
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Figure 9. Section showing ground water conditions for developing
Kirkhan formula.
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is used in the case of the constant head perraeameter in which
H is the rate at which water flows through the meteris
the viscosity of the soil water at the soil water tempera¬
ture, y is the density of water (c g s units), g is the
acceleration of gravity, R is radius of the cylinder, d is
depth of test hole below water table, P is the head of water
applied to bottom of test hole, and A (R,d) is a constant
determined by the use of an electrical analogy which depends
upon the geometry of the test apparatus#
In the case of the variable head permeameter, the
formula,
V = ITft*los9(lrd)/(lz-d)

XgACR.dHt-tz)

'

may be used, in which lj_ and I2 are the heights of water in
the cylinder at time t, and t2 respectively^

The other terms

are as given above#
Two other methods somewhat similar to this one have
been developed in which the rate of seepage into the test hole
is observed.

In one case, a four inch auger is used; and, in

the other, a small tube is inserted in the ground.

In both

cases, the time for the head of water to rise a certain dis¬
tance is recorded.
Advantages and Disadvantages of These Methods

This concludes a review of the various methods used in
computing soil permeability.

However, the disa(^vantages

a

^d
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advantages of the methods described should be indicated at
this time in order to afford a clearer understanding of the
problems involved in soil permeability determination.
Indirect laboratory method..

The indirect method, or

those involving the use of empirical formulas based on soil
grain size and arrangement, are of limited value*

In most

cases, the formulas give acceptable results for only the
materials for which the empirical formula was derived*

As

previously mentioned, Hazen*s formula has been generally
accepted for use only with the particular filter sand he
used in his experiments*
These formulas, however, may be used for rough esti¬
mates, or when used in conjunction with direct tests, as was
the case at Quabbin Dam (3)«

Since permeability coefficients

were desired for all material being used in the dam, it ?jas
advantageous to classify the soils through a mechanical anal¬
ysis and correlate these with direct tests on only a few
samples for each class*

Thereafter, Slichter’s equation

was used, and it was necessary to run only a mechanical
analysis on all additional samples*
Direct laboratory method*

The direct laboratory method

of determination is at present considered to be the method
which gives the most accurate results*

There are, however,

disadvantages to this method ?;hen either the variable head or
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constant head permeameter is used.
One such disadvantage is the fact that the sample is
small compared with the sise of the water bearing stratum.
It is, therefore, necessary to make a large number of deter¬
minations and to use an average taken from the results.
The danger of entrapped air, which reduces the per¬
meability coefficient, is always present.

Extensive pre¬

cautions must be taken to relieve as much entrapped air as
possible*

Leaks in the system or evaporation will cause in¬

accuracies in the results, particularly if the constant head
permeameter is being used.
Seldom are undisturbed samples taken in both the
horizontal and the vertical directions.

Since in such cases

the permeability found is for one direction only, this value
will not be in agreement with the effective permeability
\7hich takes into account flow in all directions.
The question always arises as to how undisturbed a
so-called undisturbed sample really is.

Great care must be

exercised in obtaining samples from the field in order not
to disturb the soil grain arrangement.

Since the arrangement

of the soil particles is a major factor affecting the per¬
meability of a soil, failure to reproduce properly actual
field conditions in the laboratory will sometimes bring forth
misleading results.
In direct tests, however, the theoretical conditions
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and actual conditions that exist in the particular sample are
more closely related*

Hence, in the case of direct tests,

the results are more nearly in agreement with those predicted
by the theory*

At the present time, the same statement can¬

not be made concerning field determination*

Field method*

All of the field methods heretofore

mentioned have one common disadvantage—they apply only to
soils located below the water table*
More specifically, the initially discussed method
of determining the ground ?>ater velocity will give results
that are too high*

This results from the fact that the

velocity determined is probably the maximum in the stratum
rather than the average*
The discharge well method has the one great advantage
of representing the effective permeability over a large area
and taking into account the horizontal and vertical varia¬
tions of the soil particle arrangement.
However, there are a number of disadvantages in using
this method, as brought out by Wenzel (2) in his investiga¬
tion of discharge well methods.

The theory is based on ideal

conditions, such as horizontal water table and homogeneous
material, which generally do not exist in the field*

Equi¬

librium over the entire cone of depression, which probably
never exists, is assumed*

The assumption is also made that

the well penetrates the entire stratum and that water can
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enter anywhere along the pipe#
encountered.

This situation is not always

A constant thickness of the stratum is assumed,

which is not necessarily true#

The assumption that only

horizontal flow occurs toward the well is erroneous, since
there must also be vertical flow#
There are other formulas not presented here that
attempt to correct some of the above mentioned disadvantages;
and if a proper choice is made, rather consistent results
may be obtained.
The method of observing the flow of water into the
soil through a cylinder inserted in the ground has the ad¬
vantage of being an inexpensive field method, requiring a
minimum of equipment, and yet giving fairly reliable results#
It has a limitation as to the depths at which a test can be
made, and it can be used only below the water table#

It is

also true that the field conditions are not always the same
as those upon which the theory was based#
In conclusion, it may be said that before choosing a
method of permeability determination, the type and character
of the soil should be investigated as well as the ground
water conditions that will be encountered#

In addition to

these factors, the desired accuracy and allowable expense
should be considered before making a final selection of
method#

CHAPTER III

THEORY OP PLOW
In this chapter a discussion of the fundamental
theory of ground water will be presented.

The first part

will set forth the basic assumptions upon which the theory
is based*

Following the statement of the assumptions, a

derivation of Darcy’s law will be presented.

The last por¬

tion of the chapter will be devoted to a discussion of the
complexities involved in properly expressing the coefficient
of permeability.
Statement of Assumptions

The theory of flow of fluids as used in this paper
is based upon a homogeneous fluid.

The fluid may contain

undissolved gasses, but they are minimised wherever possible.
The porous media through which the fluid flows is as¬
sumed to be made up of voids of varying size and shape com¬
prising pore spaces between the solid particles.

These pore

spaces are assumed to be interconnected by constricted chan¬
nels, thus making up continuous voids.

The medium is assumed

to be homogeneous and isotropic with respect to porosity and
permeability.
The velocity across the entire flow channel is assumed
to be uniform, since this condition exists in the individual
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pore openings.

The valid assumption is also made that lami¬

nar flow exists in the flow channel.

Muskat (14) states

that viscous flov; exists for a Reynold's number less than
unity and that the transition region to turbulent flow is
between the Reynold's number of one to ten for a porous
medium.
One additional assumption that may be made is that
there is no plugging of the pore openings in the medium,
either by changes in the medium itself or by foreign matter
being brought in by the fluid.
Later, the factors affecting fluid flow will be dis¬
cussed, and it will be seen that some of the above mentioned
assumptions may not be quite valid when applied to actual
field conditions.
The flow of ground water differs from ordinary flov;
problems, such as open channels or pipes, in that flow is
through a series of very small Intricately connected chan¬
nels whose individual directions are continually changing.
There are two essential elements affecting the flow—the
properties of the medium and the properties of the fluid.
The fluid properties to be considered are its viscosity and
density, whereas the properties of the medium to be con¬
sidered are its porosity and permeability.

The porosity,

as previously defined, is the ratio of total voids to total
volume.

The permeability may be defined as the ease with
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which a fluid passes through a porous medium.
Aside from the fact that a medium must be porous in
order to have permeability, there is no direct relationship
between porosity and permeability.
porosity may be quite permeable.

Sands with very low
A clay with a high poro¬

sity, however, is usually considered to be practically im¬
pervious.

Two soils may have the same porosities| but, due

to a lack of continuous voids in one or the other, they may
have entirely different permeability.
Darcy’s Lav/
Shown in Figure 10 is a cylinder containing a porous
medium of length, 1, and area, A.
connected at

and P2, &nd

Open top manometers are

fluid is discharging through

this medium at Q units of volume per unit of time.

Positive

flow is assumed from P*j_ to P2 and negative flow from P2 to
Pi*

The heights to which the fluid rises in the manometers,

hi and h2? and the position of P^ and P2 are all measured
from a common datum plane.
When Q ** 0, h2

z

h-jj thus h2 - h]_ = 0.

By making Q

greater than zero, h2 must be less than h^; thus h2 - hi is
less than zero.

By making Q less than zero, h2 must be

greater than h^j thus I12 - hi is greater than zero.

From

such relations it can readily be seen that the following
proportionality may be set up:
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Figure 10.

Diagram used in the development of Darcy1 s law
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Q~-(ht.

(3.1)

By investigating the effects of varying the cross
section of the sample, it can be seen that as long as A and
Q are varied at the same rate, there is no effect on the
readings of the manometer*

Hence, the ratio Q/A must be

held constant in order that the manometer reading will not
vary*

By letting q r Q/A - specific discharge of the sam¬

ple, the following relationships exist

(j

- (hA-h,)

(3.2)

and

Q=cfA

(3.3)

»

Since uniform flow has been assumed along the channel, it
may be said that for any length dl, there is a corresponding
drop in h s dh.

Thus

dLdh (^x-k)
nr .
-

(3.4)

Since Q is proportional to the total change in h be¬
tween the two points, q must be proportional to any differen¬
tial change that may be made, such as dh*

Thus

(3.s)
Next, equations

(3»3)

and

(3*?) are

combined into

the

fol¬

lowing result?

Q*-KA VlijM
(3e)
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in which K is the constant of proportionality to be defined
later.

The result shown above is commonly known as Darcy’s

law, since it was first derived by the French hydrologist,
Henry Darcy*

Darcy is known as one of the early pioneers in

work on ground water flow.
Further examination of the flow of fluids will be
made in order to discover what determines the direction of
flow.
Hubbert (12) proves that what determines the direction
of flow is not elevation nor fluid pressure, but what he
terms the potential or mechanical energy of the fluid.

The

flow must be in a direction from a point of high potential
to one of lower potential.

The potential of a fluid may be

expressed as
.
p-P
vs
9 - yZ + -*• -r z a constant
for frictionless flow.

This is recognized as the theorem

originally introduced by Bernoulli.

The potential due to

velocity may be neglected for ground water flow due to the
low velocities encountered.

By substituting values for

pressure from Figure 10, the expression may be reduced to

9J+

(e-tfh-i)* V-Z

(3

7)

If both sides are now differentiated with respect to
the length 1, the following equation is obtained:

±41 -Jh
9cU -<7Z"
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Thus Darcy’s lav; may be expressed in either of two
ways:

Thus far in the discussion it is assumed that factors
such as viscosity and density of fluid and grain size of the
material remain constant.

Since this situation does not al¬

ways exist, these factors must be introduced into the flow
equation.

Therefore, the parameter K must contain these

factors and may be defined as,

K’Ndl± Cg,
in which N is a dimensionless coefficient whose value de¬
pends on the geometrical shape of the internal structure of
the medium, d is the characteristic grain diameter,^ and

£ are

the viscosity and density of the fluid respectively,

and g is the acceleration of gravity.

Since gravity is com¬

monly taken as constant, it is usually dropped from the
equation.
The most general form of Darcy's law may now be writ¬
ten as

Cgdh-

(3.9)

l

Coefficient of Permeability

There now arises the question of what is the coef-
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ficient of permeability contained in.the above expression.
Since the coefficient of permeability may include one or
more of the five factors in the expression, it is possible
to have many different values.

However, if the original

concept of permeability is considered, that is, the ease
with which a medium allows a fluid to pass, it will be seen
that permeability must pertain strictly to the medium.
Therefore, the coefficient of permeability of a medium must
be defined as,

these being the only factors involving the medium in the
general expression for Darcy’s law.

Thus, the final ex¬

pression may be Yi/ritten as
•

(3Jt»

Previously, the equation

Q-KJA
had been introduced as a means of computing the permeability
of a medium.

In this form, the equation is incomplete un¬

less it applies to a particular fluid and a particular tem¬
perature and is stated as such.

If K is defined as the rate

of flow of water at a given temperature, the equation can be
used only for water at this temperature*

This implies that,

in order to determine the quantity of flow of some other fluid
through this same medium, a different value of K would have
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to be used#
By assigning K to a particular fluid at a given tem¬
perature and using a constant value of gravity, the values
, (o , and gQ would have constant values.

In order to make

the equation generally useful, it should be put into the
following forms

In this form, the equation could be used for finding
the quantity of flow of any fluid through a particular medium
having a coefficient of permeability equal to K0
As previously stated, the coefficient of permeability
depends on the properties of the medium alone.

By this pro¬

position, it would seem that the values of K as found by

/r. QM

A

would be erroneous.

AH

However, in most all cases, K is defined

in terms of a given fluid at a given temperature.
makes

This, then,

2
and ^ constants and K depend only on Nd , which is

the property of the medium, as previously required.
Since the units of K vary widely, the following is
only a typical example of the definition of the coefficient
of permeability: the rate of flow of water in gallons per
day through one square foot of cross section under a hydrau-

, o

lie gradient of 100 per cent at a temperature of 60

P.

The material contained in this chapter has been pre-

seated for the purpose of giving a better understanding of
permeability and its function in ground water flow*

CHAPTER IV
APPARATUS AND PROCEDURE
In the previous chapters an attempt has been made to
acquaint the reader with the uses of permeability, the pre¬
sent methods of determining permeability, and the fundamen¬
tal theory of ground water flow*

The purpose of the present

chapter is to describe the apparatus used and procedure fol¬
lowed in this particular investigation.

Apparatus
Original designer.

J* L. A. Cuperus (15), in his

permeability study of peat bogs in the Netherlands, devel¬
oped a field method somewhat similar to that of Kirkham’s.
Cuperus, however, made no attempt to compute the soil per¬
meability.

Rather, Cuperus used a system which gave him

relative permeabilities for various peat locations.
The apparatus used by the writer was designed after
that of Cuperus.

The apparatus used by Cuperus differed from

that shown in Figures 11 and 12—the apparatus used in this
study—in that the perforated cylinder was designed to fit
inside the pipe.

After the pipe had been pushed into the

ground to the desired depth, the perforated cylinder could
then be pushed out to make contact with the soil and allow
the water to flow.

This refinement was not included in the
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design of the apparatus used in this study.
Description of apparatus.

The apparatus, as shown

in Figures 11 and 12, was made from one-half inch galvanized
pipe.

The perforated cylinder was made by drilling holes

into one and one-half inch brass tubing.

A threaded sleeve

v?as fitted into the upper end in order to make the cylinder
detachable for cleaning purposes.

The cross bar or handle

at the top was provided to facilitate the insertion of the
pipe into the soil*

The sleeve just above the perforated

cylinder serves the function of preventing seepage up into
the open hole.
The upper portion containing the glass standpipe and
scale is attached to the cross bar by a bracket and wing
nuts.

This section is connected after the pipe has been

driven to the desired depth.

A rubber hose coupling is

used between the one-half inch pipe stem and bottom of the
standpipe (see Figure 12).

Three sizes of standpipe were

provided for use with the apparatus.
In addition to this apparatus, the only other equip¬
ment required to perform the test was a watch, a five gallon
can of water, a glass beaker or funnel, and a one and one-half
inch soil auger.

For purposes of this study only, additional

equipment used was a spade, a trowel, brass sample tubes, a
four

inch post hole auger, and soil moisture cans.
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Figure 11.

Diagram of field permeameter used in this investigation
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Figure 12*
operation#

Field permeametur prepared for
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Experimental Procedure
Field procedure>

The procedure was to drill a test

hole with the one and one-half inch auger in order to obtain
an idea of the type of soil to be encountered.
was then drilled to the desired depth.

A second hole

Next, the pipe was

pushed into the hole, care being taken to keep the pipe ver¬
tical.

\7hen the point reached the bottom of the hole, the

pipe was pushed another three inches to seat the cylinder
into the bottom of the hole.
The pipe was then filled with water to the level of
the one-half inch pipe stem*

The upper portion, or stand¬

pipe, was attached next, and the hose connection was made.
Water was then poured in from the top to completely fill the
apparatus.

A pumping action, by intermittently squeezing

the rubber hose, was applied to remove as much entrapped
air as possible.
A stop watch ?jas used as a timing device.

The drop

in head was timed and recorded at two inch intervals.
For study purposes, an undisturbed sample was taken
at each location.

This was done by digging a test hole to

the desired depth with either the spade or the four inch
auger*

The sample tubes used were three inches in diameter

and eight inches in length.

They were pushed into the ground

by hand and then removed by digging away from them with the
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trowel*

A moisture sample was also taken from each loca-;

tion*
The undisturbed sample was returned to the labora¬
tory and stored until tested in the variable head permaameter*

This procedure was designed to give a correlation

between the field tests and laboratory tests.
It can be seen that the amount, as well as the cost,
of equipment required for this test is quite small as com¬
pared with tests previously described.

The time required

for conducting a test depends, of course, on how permeable
the soil is.

By choosing the correct size of standpipe,

the time required can be held to a minimum.

That is, the

diameter of the tube varies directly as the permeability of
the soil.
Laboratory procedure.

In using the variable head

permeameter in the laboratory, all of the usual precautions
were taken to insure accurate results.

The samples were

saturated by capillary action to remove as much entrapped
air as possible.

The samples were placed on a layer of

coarse clean sand in the permeameter in order to minimize
the “washing out” of the finer particles.

This same sand

was used on the top of the sample to reduce the formation
of any filter skin on the surface of the sample.
The only data required was the actual length of
sample, its cross sectional area, the cross sectional area
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of the standpipe, the time required for the head of water
to drop through a measured distance, and the temperature of
the water*
The following calculations are an example of those
required to determine the value of K from a test conducted
in the variable head permeameter*

The following page is

shown as a sample data sheet from which the following data
has been taken:
a s area of standpipe a 0.142 square inches
L s length of sample r 8 inches
A r area of sample a 6*76 square inches
t « time required for head to drop from h0 to h-^
e 89*5 minutes
hQ - original height of water in standpipe - 62 inches
h^ a height of water after time t a 51*5 inches
2.3 x 0.142 t 2

G.76x*9.sr

* 4.33 x !0~3 x 0.08
— 3.46 x !0’4 ih./tnih.

Q?

66*f-

To correct to 60° P, Figure 14 (p* 6l) was used to get a
correction ratio of 0*92

0.92 x 3.4GxW4 ~3.l3x/0'4fn./Mi»

GO'F

The field time of flow was corrected for temperature by
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FIELD PERMEABILITY TEST
Location

Sample No*

IIMWIIH

^

gaafl tar nnar bayoa.
Date3/9/50
Soil Type

nand
Moisture Content
Can No. n a

W. W. in g
Temperature

76°F

i <; <»<£

0. W. 1SA.2
T. W. _R.fi

»•*»• 154.2
17.1

101.6

Temperature 66.0°

Field Data

laboratory Data

REMARKS

Area of standpipe - 0.142 square inches
Length of sample ; 8 Inches
Area of sample

z 6.76 square inches
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using Figure 14 and also corrected for water content by the
use of Figure 15 (p* 62).

A standard water content of 20

per cent was chosen as a base for all determinations.
Before attempting to draw a flow net to be used in
the analytical approach, some idea of the shape of the flow
pattern in the soil was needed.
This was accomplished by constructing a small scale
model of the field apparatus and using this in conjunction
with oven dried sand placed in a small cylinder.

The model

was built to about one-fifth the actual size, and the cylin¬
der of sand was six inches in diameter and six inches in
height.
The model tube was inserted in the cylinder of dry
sand, and a measured amount of water was introduced (see
Figure 17 (a)

(p. 64).

The cylinder was then removed from

the sand, allowing the dry sand to fall away and leave only
the portion of the sand in which the water entered.

The

sample was then coated with paraffin to preserve it for fur¬
ther study.

Some of the results are shown in Figure 17 (b).

The difference in size was brought about by varying the
amount of water introduced into the sample.

The dimensions

of the samples were taken and recorded in Table IV (p. 70).
An average shape for each volume of water used was
then drawn and utilized in the manner shown in Figure 18
(p. 65)•

By observing this drawing, it was possible to
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obtain an idea of the shape of the flow pattern, as well
as to ascertain the manner in which the shape changed with
increasing amounts of water.

It was then possible to draw

a flow net for the actual apparatus.
in Figure 13 (p.

53)*

The result is shown

CHAPTER V
FINDINGS, APPLICATION, AND RESULTS
As previously mentioned, the interpretation of the
findings of the tests were approached in two different ways#
In one method, an attempt was made to correlate the
field results and the laboratory results by plotting the
data and obtaining an empirical equation for the resulting
line.

The second approach was to make use of a flow net,

apply Darcy*s law, and derive the final answer through the
use of the theory of flow as discussed in Chapter III.
Consequently, the presentation in this chapter will
be made in two parts.

First, the findings and results of

the empirical approach will be given; and, second, the find¬
ings and results of the analytical approach will be presented

Empirical Method
Findings.

The findings of the laboratory tests are

shown in Table I (p. 67)0

These tests \vere conducted under

an initial head of sixty-two inches with the head being al¬
lowed to drop as much as twenty inches in some cases*

All

coefficients of permeability were based upon a selected or
arbitrary temperature of 60° F.

Figure 14 (p. 6l) was used

for correcting all values to this standard temperature.
In Table II (p. 68) are found the results of the field

51
tests.

These results are uncorrected for both temperature

and water content.

The initial head of water was sixty-

eight inches, as measured from the base of the perforated
cylinder.

The time for the head to drop eighteen inches

was recorded as shoxvn.
In the event that a standpipe other than Number 2 was
used in the test, the time of flow was corrected in order to
take this factor into account.

The values shown in Table II

have been corrected for differences in standpipe areas only.
Results.

Table III (p. 69) gives the final results

as corrected for temperature and water content.

These

values were plotted on 2 x 4 log paper, as shown in Figure 16
(p. 63),

Although there is some scatter in the points, the

general trend seems to be a straight line as shown.
The equation for this line was found by the expression:

Log t -~CLog K

+

Leg t,

}

in \9hich C is the slope of the line and log t^ is the y in¬
tercept at K equal one.

This can be written as:

Log K

-c
)

or
y _ /,
/

" A*

'

Hence, at K equal one, t equal 20.6.
was found to be 0.28.

The slope C

Substituting these values and solving

for K, the final expression becomes
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3.S7

The relation makes it possible to determine the soil
permeability rather closely, merely by observing the time
for the head to fall eighteen inches and by taking a soil
sample in order to determine the natural water content at
the time of the test.
After studying the results it was observed that cer¬
tain definite changes should be made in the test procedure.
These changes and also the limitations of the method will
be discussed in a later chapter.

Analytical Approach

The second method of approach soon resolved itself
into a number of different problems.

The foremost of these

problems was the determination of the shape of the flow
pattern as the water passed into the soil.

As previously

discussed, this problem was solved by use of a model study.
Final samples resulting from the model studies are shown in
Figure 17 (b)

).

(p. 64

By observing the samples, it was

possible to determine the shape of the surface and also how
this shape changed with the addition of water.

See Figure 18

(p. 65).
Having thus determined the shape of the flow pattern,
it was then possible to construct a flow net for the field

'/i

\ sii) <h ' / J' ' \ •

Figure 13.

Flow net for field permeameter
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permeameter used in this investigation (Figure 13).

A

flow net is a graphical representation of the path of the
water particles in the soil.

The flow lines are crossed

at right angles by lines connecting points of equal poten¬
tial known as equipotential lines.

Since, in this investi¬

gation, a non-steady state condition existed, the direction
of the paths of the water particles was continuously chang¬
ing with time.

Therefore Figure 18 may be considered to

be an instantaneous representation of the flow net.

Only

one-half of the flow net is shown due to the fact that the
flow? is symmetrical about the vertical axis of the tube.
By using Darcy*s law it is possible to compute the
flow through any rectangular figure such as A, B, C, D,
(Figure 13) and then by determining the total number of
flow lines and equipotential lines, it is possible to com¬
pute the total flow of the system.

Referring to a typical

rectangular figure A, B, C, D, Figure 13, b is the width of
the stream tube, 1 is the length of the stream tube between
the two equipotential lines, and r is the radial distance
measured horizontally to the figure.

The total cross sec¬

tional area of the stream tube may be expressed as 2wb.
By Darcy's law the specific discharge of the stream is

Ay
in which

Ah

*

K i )

is drop in potential between the two equipoten¬

tial lines and 1 is as defined above.

The total volume of

flow per unit of time per stream tube is

Since 4h is the same across any two equipotential
lines, it may be replaced by h/N^, in which h is the total
available head or potential and
equipotential lines.

If

is the total number of

is the total number of stream

tubes, the total volume of flow is

Q^KfthZlt^ >

(SJ)

in which h is the available head at some time, t.
For both.d^ and AQ to have the same values for any
rectangular figure in the system, the ratio rb/1 must be
alike for all figures at some time, t, and head, h«
But since a variable head h is being used, the value
rb/1 is continuously changing with time.

Thus rb/1 may be

made a function of R, the maximum radius of the flow pattern
at any time, t.
It is assumed that the volume of water entering the
soil fills all of the air void spaces.

Thus the following

relationship may be written:

Vs C. R3h(f-w)

}

in which V is the volume of water that has entered the soil
at time, t, R is the maximum radius of the flow pattern, n
is the porosity of the soil, w is the natural water content
of the soil at the time of the test, and C is a constant

56
determined experimentally.

Therefore, by solving for R, it

is seen that

(S.z)
From the results of the model studies on dry sand, the ra¬
dius versus V/n(l-w) was plotted on log log paper (Figure 19,
p0 66) and the following relation obtained:

thus giving a reasonable check on the expression for R as
given above.
Now, at any time t, and head h, the volume of water
that has entered the soil may also be expressed by the re¬
lationship

\J
in which h

=

VRl (h0-h)

is the head at t equal zero and R

o

of the standpipe of water,

o

is the radius

Thus substituting for V in equa¬

tion (5.2), the equation now becomes

As previously mentioned, rb/1 is a function of R, thus

or

By returning to equation (5.1) and substituting
for rb/1 the relation found in (5.3), the following expres-

sion for volume of flow per unit of time results:

Q*K%Z*Ct{ ^L.fh a.-/,)'’ (S. 4)
The rate of flow from the standpipe is given by

Q TTRo )

(ss)

-

in which dh/dt is the rate at which the head is falling,
and rrR0

2

is the cross sectional area of the standpipe.

Therefore, by equating (5.4) and

(5.5)

the following equa¬

tion results:

dh —_/r
is

"77

4/y

2IT c ( Tf ft*

\^/

// / i^l?

z (c;w-+?)) h(h*'V .

Prom a study of several flow nets drawn for the
model study it was found that the average ratio N^/N^ may
be assumed to remain constant for any volume of water in¬
troduced into the soil as long as the relative shape of the
flow pattern remains unchanged.

Thus, the equation may be

further simplified by letting
o

Nd

’/? _£t —

C/J "

r
C

)

and

h 0- \4>) - ft1

.

Then, by rewriting and putting in integral form, it follows
that
A

r dh

h*7 h (hrh) *

1

/-

~ HC (hf* &iji+.

(Si 6)

By integrating the right side of the equation it is seen

that

The integration of the left side is somewhat more difficult
and will be performed in the following manner.
Let u - (hQ-h)^^ then hQ-h r u3 and h = h0-u3
2

Differentiating both sides dh - -3u du
It is also necessary to change the limits of inte¬
gration thus
when h r h

u — 0

t
h:h.

u

r

(h0-h1) 1/3

The resulting integral is as follows
/
ft.-A)4 ,

7 dt,

-

ft,

*

=

hUtsitPi

.r-au'du

oJ

(h'-Ui)U

’

or

For simplicity, let
1/3
a«- hh_
or™hh- a=3

0

b

1/3

°"

h )

: <V l

Thus by substituting these values the integral becomes
udu
This expression may be integrated by use of Formula 168.11,
Dwighti

Table of Integrals (22), thus
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but for purposes of evaluation it is preferable to expand
into a series and integrate term by term, thus

or

Then by integrating and substituting the limits, the result
is

The resulting series converges rapidly for ratios of b/a
of approximately one-half, for v/hich case all but the first
two terms may be dropped with a resulting error in the re¬
sult of less than 1 per cent.

To maintain b/a equal to one-

half, the total drop in head should equal about one-eighth
of the total available head.
By letting

the result may be further simplified to
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By substituting in equation (5<>6) the following expression
results

or

sim'+j-wTifaft *.%
A

# C (*,-**)

'

in which C is a constant to be determined experimentally.
This expression is for any field permeameter of the type
shown in Figure 11 (p. 42).

However, when applying this

formula to a particular apparatus, the values of
may be combined with C to form one constant.

RQ

and hQ

It is also

possible to choose the drop in head to remain constant for
a given value of hQ, thus further simplifying the expres¬
sion by making h1 a constant and combining it with the
other constant terms.

Thus for a particular apparatus

equation (5»7) becomes

/f* ft.-A)
AM1’’

n

(t-t)

t

(Xt)

in which K is measured in inches per minute at a standard
temperature.
A suggested method of determining C' is to perform
tests in a sand for which the permeability has been deter¬
mined by a direct laboratory method, thus knowing the poro¬
sity and water content of the sand, it would be possible to
solve for C*.

Time did not permit this to be accomplished

for the apparatus used in this study.

Figure 14. Factor to correct permeability to
temperature of 60° F.

Figure 15» Factor to correct field time to water
content of 20 per cent.
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Figure 17. Apparatus and results of model study using oven
dried sand.
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SB

Figure 18. Results of model study showing how saturated
volume increased with addition of water.
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Figure 19* Graph showing relation between maximum radius
of flow pattern and volume of water introduced.
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TABLE I
ValueB of permeability as computed from
test made in variable head permeameter.

Sample
No.
1
2

Perm.
in/minxlO”4
188.00
0.111

Temp.
°P

Sample
No.

Perm.
in/minxlO*”4

Temp.
°F
77.0

695.00

52.0

10

53.0

11

0.0635

79.0

3

38.20

60.0

12

0.0635

79.0

4

3.46

66.0

14

0.0256

78.0

5

1.28

76.0

15

0.0663

79.0

6

26.70

74.0

15

0.407

7

1790.00

73.0

16

0.0287

65.0

8

780.00

78.0

18

0.0152

73.0

9

780.00

78.0

19

0.0152

73.0

%

78.0
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TABLE II
Results of field test conducted with field permeameter.

Sample
No.

Depth
Pt.

Time *
Minutes

Temp.
°P

Water
Content-#

1

1.5

0.5

59.0

8.8

2

2.0

35.0

60.0

24.1

3

2.33

9.2

58.0

27.2

4

2.0

16.5

76.0

18.6

5

2.25

112.0

74.0

9.6

6

1.5

5.5

76.0

16.8

7

2.25

—

72.0

26.7

8

1.6

7.5

75.0

21.8

9

1.5

2.5

75.0

18.7

10

1.5

4.0

75.0

24.7

11

1.25

54.C

67.0

21.8

12

1.25

71.0

67.0

21.8

14

1.0

31.5

74.0

20.1

15

1.0

32.0

74.0

17.0

15

1.0

32.0

74.0

17.0

16

1.75

45.5

79.0

18.5

18

1.75

77.C

78.0

20.4

19

1.75

91.0

76.0

20.4

* Time required for head to fall 1.5 feet based on a standpipe having a
cross sectional area of 0.142 square inches.
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TABLE III
Values of laboratory permeability and field time
corrected for both temperature and water content.
Sample
No.
1
2

Perm.
in/minxlO”^
212.00
0.122

Time
min.
1.13

Sample
No.
10

Perm.
In/minxlO”^
552.00

Time
min.
3.24

29.0

11

0.0492

44.0

3

38.20

8.9

12

0.0492

58.0

4

3.14

17.0

14

0.0201

26.0

5

1.03

184.8

15

0.439

31.7

6

21.20

7.25

15

0.319

31.7

—

16

0.267

38.6

7 .

1480.00

8

612.0

5.46

18

0.01275

59.0

9

612.0

2.20

19

0.01275

71.4
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TABLE IV
Dimensions of samples used in model study.

Sample
No.

Vol. of
Water-cc

1

15

2

Depth of
ttfbe in •

Max.
Dia.-in.

Length
in.

Depth to
Max. Dia.-in

1.63

1.75

2.00

1.0

15

1.63

1.69

2.25

1.25

3

25

1.75

2.19

2.25

1.44

4

25

1.88

2.13

2.69

1.50

5

25

1.88

2.25

2.50

1.38

6

50

1.63

2.75

2.63

1.31 •

7

50

1.63

2.63

2.44

1.38

8

50

1.88

2.69

2.81

1.50

9

75

2.00

3.31

2.94

1.50

10

75

2.00

3.13

3.25

1.63

11

100

2.00

3.50

3-50

1.88

12

100

2.00

3.38

3.63

1.88

CHAPTER VI
DISCUSSION
This chapter will consist of a discussion of the
problems encountered in this study and the general factors
affecting the determination of the coefficient of soil per¬
meability*
Problems Encountered in This Study
Of the numerous problems encountered in this inves¬
tigation probably the most difficult to overcome was that
occasioned by the fact that the work was performed above
the water table*

The problem, then, was one of unsteady

state conditions, and therefore the boundaries of the in¬
flowing water were continually changing*

Since the soil

was not saturated, the assumption was made that the water
filled all of the air voids as it entered the soil.
Since unsteady state conditions existed, the addi¬
tional variable, time, had to be considered.

This meant

that the maximum radius of the flow pattern was continu¬
ously growing; and consequently the flow net was changing
with time.

This problem was overcome by proving that the

radius was a function of the volume of water injected.
This, in turn, was a function of the head.

Thus, the chang¬

ing flow net was handled by introducing the volume of water
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as a function of the variable head*
When a soil is not saturated and water is introduced,
the velocity of the particles is conditioned by the poten¬
tial and capillary action.

In this investigation forces

due to capillary action were disregarded and all flow was
assumed to be derived from the available potential of the
water*
During the time of filling the field permeameter,
a small amount of water will enter the soil.

Consequently,

when the actual test has begun, there is already in the
soil an initial volume of water which will affect the re¬
sults slightly*

Speed in setting up the test is important

in order to minimize this initial amount of water*
Care must be taken in inserting the tube into the
ground in order to affect a seal between the tube and the
soil*

The problem of seepage up into the open hole was at

times difficult to overcome*

It was found necessary to

enlarge the shoulder just above the perforated cylinder in
order to reduce this seepage to zero*

It can be seen that

any appreciable amount of seepage in this manner would have
a definite bearing on the results obtained*
In addition to the forces due to capillary action
and available potential, there is also the force of gravity
to take into account.

This force tends to pull the water

particles downward and thereby cause the flow lines to
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approach the vertical.

However, gravity is assumed to be

constant in most permeability computations and, consequent¬
ly, is disregarded.
After studying the results based upon the empirical
approach, it was decided that the field time of flow should
be corrected for the porosity of the soil as well as the
water content.

By including the porosity factor, it would

then be possible to base all results on a standard air void
percentage instead of a standard water percentage.
General Factors Affecting Coefficient of Permeability
In a previous chapter were presented the assumptions
upon which the theory of ground water flow is based.

It

now becomes important to discuss the factors that may cause
a deviation from these basic assumptions, both in the field
and in the laboratory tests.
Effect of time.

In general, there seem to be three

phases in the effect of time on the coefficient of permea¬
bility.

In the first phase there is an initial decrease in

the value of the permeability.

For soils of large saline

content this is attributed to a swelling and dispersion,
as the salts are removed, which reduces the effective size
of the pore openings.

In the second phase there is an in¬

crease of permeability caused by the elimination of entrap-
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pad air.

The coefficient begins to show a decrease in the

third phase resulting from microbial activity in the soil.
This effect is more apparent in surface soils where there
is a higher organic content.

Nevin (18) states that over

a long period of time a continued decrease results from
(a) the remainder of entrapped air; (b) clogging action
caused by the filtering of particles from the water; (c)
loose debris from the face of the sample being carried
into the soil pores; (d) hydration and swelling of the
bounding material; (e) rearrangement of the soil grains
during the test.
Chemical make up.

The chemical make up of the soil

has a minor effect on the permeability.

In general, be¬

cause of its effect on soil dispersion, the lower the salt
content, the lower the coefficient of permeability.

There¬

fore, by using distilled water, the results, because of the
lack of salt content in the water, will be lower.

It has

also been found by Botset (18) that there is some retarding
of the flow in sands caused by the formation of silica acid
from the hydrolysis of silica by water.
Grain size effect.

From the fact that the velocity

of a fluid varies as the square of the diameter of the
tube opening it follows that the velocity of ground water
must vary as the square of the diameter of the pore open-
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Ings.

Therefore, the velocity must be proportional to the

square of the diameter of the grain size*

This fact was

brought out earlier when it was shown that the actual coef¬
ficient of permeability, k was proportional to the square
of the diameter of the grain size*
Effect of air.

As previously mentioned entrapped

air is a factor involved in the variation of permeability
with time.

That is, permeability increases in the second

stage because the entrapped air has been removed.

Permeabi¬

lity reaches its maximum value at about the time all air has
been removed.

The rate at which air is removed depends upon

the permeability of the soil, capacity of the water to ab¬
sorb additional air, and the amount of air present.

Except

by use of a suction, no method of wetting the sample has been
found which will completely eliminate air*

Even this method

may break down the structure of the soil and thus change the
characteristics of the soil considerably.

Even if the amount

of air in the sample remains constant, the volume will change
with any change in pressure, thus affecting the flow.

Pro¬

bably the most important cause of reduction in flow is the
migration of air bubbles to critical points of flow in the
pores.
Pressure, temperature. and viscosity.

As the pressure

in the ground water decreases, the permeability decreases if
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air is present.

This is brought about by the increase of

volume of air due to the decrease in pressure.

It is common

practice to correct the values of permeability for differ¬
ences in temperature.

However, if a soil contains air and

has a temperature rise, the volume of air would increase;
but at the same time the viscosity of the water would de¬
crease.

Consequently, the two effects would tend to coun¬

teract each other so that the making of a temperature cor¬
rection may actually be an over correction if air is known
to be present.

In most cases, however, the specimen is

assumed to be void of air; and it is proper to base all re¬
sults on some standard temperature.

Figure 14 (p. 6l) is

an example of temperature correction chart based on the re¬
lationship

Kz

" -*f#

in which K is the permeability an&M is the viscosity.
Void ratio.

It has been found that the voids ratio

versus permeability when plotted on semi log paper results
in a straight line.

This is only true for a given soil.

Taylor (20) states that the following approximate re¬
lationship may be used for sandst

in which K is the permeability and e is the voids ratio.

This

relationship does not hold for clays; and, as yet, no expres-
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sion has been derived for soils other than sands.
Homogeneity of soils.
in studies of soil mechanics.

Homogeneous soils are assumed
It is recognized, however,

that this is not always the case.

Therefore, to obtain

acceptable results in permeability problems, numerous tests
should be performed in a given area and an average value of
permeability used.

Large rocks, root holes, and organic

material will affect the results of tests.

Also, it may be

pointed out that soils in their natural state will show a
certain amount of stratification so that the permeability
is greater in the horizontal direction than in the vertical
direction.
Solubility and decay of soils.

One last factor af¬

fecting permeability is the percentage of material that will
decay or become soluble in the water.

In most cases, this

factor is unknown; nevertheless, it is a factor YJhich must
be considered in the flow of ground water.

For example,

highly soluble soils would cause a definite decrease in soil
permeability.
The factors presented here have been mentioned to
show the many variables encountered in soil permeability
determination and the possible deviations from the basic as¬
sumptions used in developing a theory of ground water flow.

CHAPTER VII
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
A rather concise analysis of the results obtained in
this investigation will be presented in this chapter•

The

presentation will be made in three parts: a summary of the
thesis, resulting conclusions, and recommendations for fur¬
ther study of this problem*

Summary

Introduction.

The introductory chapter presented the

basis for this investigation.

The problem was stated and

the methods and procedure entailed by the study were indica¬
ted.

It was shown that this study which deals with the de¬

termination of soil permeability is important because it
contributes to the knowledge of soil permeability—a factor
which has important usages in structural design, oil produc¬
tion, ground water hydrology, and irrigation.
Review of other methods.

The second chapter reviewed

methods of determining soil permeability.

Four empirical

formulas derived from indirect laboratory methods were pre¬
sented and discussed.

Direct laboratory methods which use

both the constant head and the variable head permeameter were
reviewed#

In addition, three methods of field determination
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were discussed.

The chapter was terminated by a presentation

of the advantages and disadvantages of the various methods#
Theory of flow.

The fundamental theory of ground

■water flow was discussed in the third chapter#

The basic

assumptions of the theory were presented and Darcy’s law was
derived*

Darcy’s law that the rate of flow of fluid through

a porous medium varies directly as the available potential
was pointed out as being the basis upon which all permeabi¬
lity determinations have been established.

Such factors that

go to make up the coefficient of permeability as the viscos¬
ity and density of the fluid, acceleration of gravity, and
the effects of the grain size and structural arrangement were
discussed#
Apparatus and procedure.

The chapter on apparatus

and procedure gave an account of the construction of the
apparatus and the procedure used in conducting the inves¬
tigation#

The method of procedure follo¥jed was that of

conducting a test in the field and then returning to the
laboratory with an undisturbed sample for testing in the
variable head permeaseter#

In addition, a model study was

conducted for the purpose of determining the shape of the
flow pattern in the soil.
Findings, application, and results.

The fifth chap¬

ter presented the findings, application, and results#

The
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problem was approached in two ways.

The first approach was

by a correlation between field and laboratory data.

This

made possible the derivation of an empirical formula,

/r
in which K is the permeability coefficient and t is the time
required for the head of water to fall eighteen inches in a
tube whose cross sectional area equaled 0.142 square inches.
In the second approach a formula for K was derived by using
Darcy's law in conjunction with a flow net drawn for the
particular apparatus used in this investigation.

The shape

of the flow net was based on the results of the model study
conducted in the laboratory.

The formula in its most general

form is as follows:

For a particular apparatus the values of C, h', RQ, and hQ
may be combined into one constant, resulting in the follow¬
ing equation:

K*

c‘(h)H

in which K is measured in inches per minute at a standard
temperature.
Discussion.

The problems encountered in this study

and the general factors affecting soil permeability deter¬
mination were discussed in the sixth chapter.

The effect of
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time, grain size, chemical content, pressure, temperature,
viscosity, and entrapped air were discussed for the purpose
of indicating the possible deviations from the basic assump¬
tion*
Summary. conclusions, and recommendations*

In this

chapter the investigation is summarized, conclusions are
drawn, and recommendations are made*
Conclusions
The conclusions will be discussed in two parts: (1)
those pertaining to the empirical approach and (2) those per¬
taining to the analytical approach.
Empirical approach.

The apparatus of this study may

be used as a field permeameter for finding soil permeability
above the water table*

It must be properly calibrated by

conducting both field and laboratory permeability tests on
various types of soil.

If these results, corrected for

temperature, water content, and porosity, are then plotted
on log log paper, a resulting equation can be used in de¬
termining permeability of any soil that may be encountered.
The apparatus would be particularly useful in the event that
a large number of tests had to be conducted in a given area.
\

The only data required is the time required for a given
amount of water to pass into the soil, the natural water
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content of the soil, and the porosity.
Although the tests performed in this investigation
were conducted to the maximum depth of two and one-half
feet, the apparatus may be used at even greater depths.

Ad¬

ditional lengths of pipe may be connected at the cross arm,
thus making it possible to reach any desired depth, so long
as the water table is not near at hand.
Both approaches to the problem were based on the
assumption that the water table would not be close enough
to influence the flow pattern of the apparatus.

Therefore,

it is desirable to know the approximate location of the
water table before conducting a test.
This apparatus, however, can be readily adapted for
use below the water table by using an equation similar to
that of Kirkham (see p, 25), the only difference being a
change in constants.
Analytical approach.

The apparatus may be used in

conjunction with the formula,

in which C' is a constant to be determined experimentally,
n1

equals the percentage of air voids, and (t^-t^) is the

time required for the head to drop a given distance.

As

pointed out in Chapter V, the drop in head should be approxi¬
mately one-eighth of the available head in order to obtain
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the most accurate results from the formula*
The constant C‘ may be determined by performing tests
in a clean sand whose permeability, porosity, and water con¬
tent are known.

With the time of flow known, it is then

possible to solve the equation for C‘*
Since it is possible to exercise close control in
determining this constant, it is believed that the formula
based on the analytical approach would give more accurate
results than the formula derived from the empirical ap¬
proach*

Recommendations
The writer believes that additional tests should be
performed to fully justify the results presented in this
study*

Because of insufficient time, it was impossible to

calibrate the apparatus used and to check the results of the
analytical approach as fully as might be desired.

However,

the results of the model study performed were quite useful
qualitatively and were an auxiliary in proving the funda¬
mental assumptions used*
It is also recommended that an investigation be made
in the use of the apparatus below the water table*

By de¬

riving a relationship for use when below the water table,
the apparatus would then have a very definite advantage over
present field methods in that it could be used for above and
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below the water table.
The apparatus, however, may be recommended for use
above the water table with the performance of a relatively
small number of additional tests and with proper calibration.
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