LABORATORY TESTS ON PHYSICAL PROPERTIES OF
‘ WATER-BEARING MATERIALS '

By Norar DowrLn STEARNS

INTRODUCTION

The need of more definite quantitative data in regard to the hydro-
logic properties of water-bearing materials has long been recognized
by geologists and. engineers engaged in investigations of ground
water. With the increase in importance of quantitative field studies,
has come a demand for definite and accurate methods of testing sam-
ples of water-bearing sands and rocks. Until recently the classic
researches of Hazen,® King,? and Slichter ® have been the chief basis
of any quantitative estimates in this field in this country.

In 1923 an intensive investigation of the ground-water supplies
in New Jersey was undertaken by David G. Thompson, of the United
States Geological Survey, in cooperation with the New Jersey De-
partment of Conservation and Development. The need for labora-
tory tests in connection with this investigation afforded the opportu-
nity for establishing a small hydrologic laboratory in the Geological
Survey, This paper describes briefly the'apparatus and methods used
in making tests of mechanical composition, porosity, moisture equiva-
lent, and permeability, gives the data obtained from the first 97 sam-
ples that were tested, and discusses to some extent the interpretation
and use of these data

The samples for which results are given in this paper were obtained
in 1923 by geologists. who were making ground-water studies. The
samples from New Jersey are all unconsolidated sand and gravel
and range in age from Cretaceous to Recent. Those from Montana
comprise unconsolidated sand, silt, and gravel and consolidated rocks,

+ 1 Hazen, Allen, Experiments upon the purification of sewage and water at the Lawrence
Experiment Station, Mass.: Massachusetts State Board of Health Twenty-third Ann.
Rept., pp. 425-434, 1891, Some physical properties of sands and gravels, with special
reference to: their use in fitration : Massachusetts State Board of Health Twenty-fourth
Ann. Rept., pp. 541-556, 1892.

2King, F. H., Principles and conditiong of the movements of ground water: U. 8. Geol.
Survey Nineteenth Ann. Rept,, pty 2, pp. 59294, 1899.

3 Slichter, C. 8., Field measurements of the rate of movement of underground water:
T. 8. Geol. Survey Water*Sup‘ply Paper 140, 1905,
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chiefly sandstone and shale, ranging in age from Lower Cretaceous
to Recent. The samples from Idaho are chiefly surface silt and loess
that mantle certain reservoir sites.

The primary object of the laboratory tests is to obtain quantitative
data on permeability and on specific yield as defined on page 144.
The results of mechanical analysis and tests of porosity together
give a nearly complete definition of the texture of unconsolidated
materials, which chiefly controls both their permeability and specific
yield. The porosity test supplies an essential factor in certain indi-
rect methods of obtaining both permeability and specific yield. The
moisture equivalent gives an approximation of the specific retention
(p. 137) and hence of the specific yield. The permeability test givesa
direct measurement of permeability to water. The four tests give
at, least fairly reliable comparative data on the water-bearing charac-
teristics of the materials investigated, but much work is yet to be
done before the results can be conﬁdently applied in quantitative
field problems. A
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METHODS OF TAKING SAMPLES

Samples of unconsolidated material are taken volumetrically if
possible. The apparatus devised by Mr. Memzer for taking volu-
metric samples consists of a sampler and a gage rod. (Fig. 18.)
The sampler is a heavy brass cylinder, 8 inches in diameter and
about 1 foot long, closed at one end and having a cutting edge at the
other. The gage rod is a steel rod about 2 feet long, sharpened at
the front end and having a definite reference mark near the rear
end. In taking a sample with this apparatus a smooth surface is
first made on the exposed face of the material to be sampled. Then
the gage rod is driven far into the bank at right angles to the
smoothed surface, and the cylinder is pushed or driven in parallel
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to the rod, generally not more than 6 inches. By means of the
gage rod the distance that the cylinder is inserted and hence the
volume of the sample are readily determined. The material around
the cylinder is carefully excavated, and the sample is cut off flush
with the front of the cylinder with a knife or trowel. The sample
is then dumped into a tin can about 4 inches in diameter and 6
inches high. A strip of soft adhesive tape is wrapped around the
junction of cover and can to prevent any loss of material. The cans
are shipped to the laboratory in wooden cases that hold eight cans
each. Under some conditions it is practicable to obtain volumetric
samples from auger holes of known diameter, care being taken to
save all the material within certain limits of depth and to keep out
all other material. If the deposit to be sampled has a tendency to
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FicurE 18.—Apparatus used for obtaining volumetric samples in the field. The length of
the cylindrical sample is a=a’—a’’, The diameter is 3 inches. Hence the volume, in

cubic inches, is 9;'"" or 7.07a

cave the auger method can obviously not be used; if it contains very
coarse material, neither of these volumetric methods can be used.
Volumetric samples can rarely be obtained from drilled wells.

APPARENT SPECIFIC GRAVITY

When a sample of unconsolidated material is received in the labora-
tory it is placed in a tray and left to dry in air from one to several
days, according to the wetness of the sample, until it reaches a nearly
constant weight. Small samples for the several tests are obtained
by quartering. If the sample is lumpy, it is first put on a glass plate
and rolled with a wooden rolling pin, care being taken not to crush
the grains.

Throughout this paper the term “apparent specific gravity” is
used to designate the weight per unit volume of the material tested,
including the pore space, in distinction from the specific gravity of
the mineral matter that composes the material. From the volume

95221°—28——19
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and weight the apparent specific gravity of the air-dry sample is
obtained and recorded in grams per cubic centimeter. If the sample
is unconsolidated and its volume was not determined in the field, a
laboratory method is used to approximate the true volume. (See
pp. 131-132.) The method of determining the volume and apparent
specific gravity of consolidated samples is explained on page 132.
In connection with the mechanical analysis (see below) the weight of
an oven-dried sample is obtained and is used in computing the appar-
ent specific gravity as given in the table on pages 164-169.

In general gravel and shale are heavier per unit volume than sand,
and silt and loess are lighter. The materials from Rosebud County,
Mont., have apparent specific gravities ranging from 1.33 to 2.50 and
averaging 1.75. The gravel and the shales, which contain considera-
ble clay, are heavy per unit volume; the sandstones of about average
weight; and the alluvial silts, which contain a little clay, are light,
ranging from only about 1.33 to 1.37. The materials from Fergus
County, Mont., have apparent specific gravities ranging from 1.89
to 2.09. The shales and sandstones that include considerable clay
and silt have apparent specific gravities of 2.06, 2.07, and 2.09; the
sandstones that are massive and fairly tight, 1.93, 1.96, and 1.98; and
the gravel 1.89. The Idaho samples, which are all soils, have appar-
ent specific gravities ranging from only 0.80 to 1.52. The loess sam-
ple has the lowest of the group. Silty loess soils that look light and
fluffy have an apparent specific gravity of 1.01; a loam soil, 1.27; and
a fine red uniform clay, 1.52. The New Jersey samples, which consist
largely of assorted sands, have apparent specific gravities that aver-
age about 1.50. The gravels, however, range from 1.68 to 1.81, and
a few silts are relatively light and fluffy and have apparent specxﬁc
gravities of only 1.01 to 1.15.

MECHANICAL ANALYSIS
METHOD OF ANALYSIS

The mechanical analysis consists of sorting the particles of a sample
by sizes. The procedure followed is in general that of the United
States Bureau of Soils,* because it is applicable to water-bearing
materials, and its use makes all the mechanical analyses of the Bu-
reau of Soils available for comparison. As much water-bearing
material is coarser than the common soils, however, it is desirable
to have a few sieves with larger openings than 2 millimeters.

About 5 grams of the air-dry sample is put into a small dish and
weighed and is then dried in an electric oven at about 110° C. for at

4 Fletcher, C. C., and Bryan, H., Modification of the method of mechanical soll analysis:
U. 8. Dept. Agr. Bur. Soils Bull, 84, 1912,
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Teast two hours. It is then cooled in a desiccator and again weighed.
The sample is then put into an 8-ounee sterilizer bottle with 4 ounces
of water and about 5 cubic centimeters of ammonia, one-third
strength, to deflocculate the particles. It is said that 5 drops of
ammonia has been shown to be sufficient. However, in the process
of analysis the soil is washed again and again, and each time the
amount of ammonia left in the bottle is reduced. Hence it has been
found advisable to put in several cubic centimeters at first, and thus
enough is successively left to keep the particles deflocculated until
all the silt and clay is washed from the sand.

The bottles containing the soil, water, and ammonia are put on the
shaking machine (pl. 11, A) and shaken for at least seven hours.
More time usually does no harm to the soil, but if left too long the
rubber stoppers may be eroded to an appreciable extent.

Eight samples are usually tested at one time.

The bottles containing the samples are removed from the shaking
machine and placed upright in a rack. The rubber stoppers are
removed and examined for erosion. If the stoppers are badly eroded
it may be necessary to repeat the analysis, as the eroded rubber may
cause considerable error in the result. Any material adhering to the '
stopper is washed back into the bottle with the jet from a wash
bottle. Each of the eight samples is in turn brought into suspension
by the use of the compressed water jet, and then sufficient time is
allowed for all the sand to settle. This time is determined by inspec-
tion and can be checked by an examination under the microscope.
Usually, if the contents of the eight bottles are stirred up in order,
by the time the last bottle is reached the first is ready to decant.

The liquid in each of the bottles is decanted into a separate dish.
The residue is again washed and the liquid is again decanted, and
this process is repeated until the liquid is clear. The sands remain-
ing in the bottles are washed into porcelain dishes and dried on the
steam bath. They are then transferred to small dishes and dried in
the electric oven at about 110° C. After being cooled-in a desiccator
they are weighed, then allowed to take moisture from the atmosphere,
and again weighed, The sands are then ready for sieving.

The decanted liquids are placed in centrifuge tubes, and the cen-
trifuge is run until there are no silt particles left in suspension. This
is determined by inspection and by use of the microscope. The liquid,
which is the clay suspension, is decanted. The silt at the bottom .of
the tubes is brought into suspension by the water jet. After cen-
trifuging again another examination is made to determine the absence
of silt particles in suspension and the liquid is decanted as before.
This procedure is continued until the separation is virtually complete.
As a rule, in the earlier processes of separation the larger particles
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are held up by smaller ones, and, consequently, as the separation nears’
completion it is possible to reduce the time of centrifuging.

The length of time for centrifuging will differ with the soil and
with the speed of the centrifuge. Thus clayey samples are almost
invariably more difficult to separate than sandy samples.. They
require a longer period of centrifuging and must be centrifuged more
times before the separation is complete. The centrifuge used is run
at a speed of 500 revolutions a minute, the time run ranges from
5 minutes or less to about 10 minutes, and the number of times from
about 5 to 15 or more.

The silts in the bottom of the tubes are washed into dishes and
dried on a steam bath. They are then transferred to small dishes
and dried in an electric oven at about 110° C., cooled in a desiccator,
and weighed.

The clay content may be determined directly by drying and weigh-
ing or by difference. In the first method the clay water is evapo-
rated and the residue weighed. Because of the large amount of
clayey water to be reduced by evaporation and hence the large con-
tainer that is required, a heavy balance must be used in weighing,
with corresponding loss in accuracy, or else the dry clay must be
transferred to a smaller dish. A transfer of the dried clay, how-
ever, requires much time and involves great possibilities of loss of
material. In the second method the total initial weight minus the
weight of the sand and silt gives the weight of the clay. The error
thus introduced is believed to be no greater than that involved in
the separation of the clay and silt, and all errors due to loss by
transfer and change in the state of hydration of the clay are elimi-
nated.

There is usually little or no organic matter in the water-bearing
materials, and hence organic matter is disregarded in the mechanical
analysis made in the hydrologic laboratory. If the sample contains
material that is much larger than 2 millimeters, a larger sample is
taken and is put through the coarser sieves in the air-dry condition.
The 5-gram sample i1s then taken from the material that passed
through the 2-millimeter sieve.

The air-dry sand is placed in the top of a nest of sieves 2 inches in
diameter and the sieves are agitated on a shaker (pl. 11, B) for abotit
three minutes. The portions of sand remaining on each of the sieves
and that which went through all the sieves to the bottom pan are
weighed. Two of the sieves consist of brass plates with perforations
about 1 and 0.5 millimeter in diameter. The other two are made of
bolting cloth, the meshes of which give openings of about 0.25 and
0.1 millimeter. If the sample is very coarse sieves with perfora-
tions 2'and 5 millimeters in diameter are also used. The silt particles
are regarded as 0.05 to 0.005 millimeter in diameter and the clay as
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less than 0.005 millimeter. Thus the separations ordinarily made
are as follows, expressed in millimeters:

Gravel, greater than 5, Fine sand, 0.25 to 0.1.
Gravel, 5 to 2, Very fine sand, 0.1 to 0.05.
Fine gravel, 2 to 1. Silt, 0.05 to 0.005.

Coarse sand, 1 to 0.5. Clay, less than 0.005.
Medium sand, 0.5 to 0.25. :

A calibration by the United States Bureau of Standards of the
sieves used indicates that the exact sizes of the openings are slightly
different from the sizes stated above. The 0.5 is 0.59, the 0.25 is
0.26, the 0.1 is 0.09. These exact sizes are used in the graphs and
table. A summary of the classifications of materials according to
size of grain used in different countries is given in a brief paper by
Von Greyerz.®

METHODS OF EXPRESSING RESULTS

The weights of the materials of the several sizes are computed
into percentages of the total weight. These percentages are given
in the table on pages 164-169. They show that whereas some of the
water-bearing materials investigated are more nearly uniform than
others, each comprises several sizes. Some have large percentages of
one or two sizes and small percentages of others; some have small per-
centages of all the sizes. The materials are, in general, coarser
and more heterogeneous than the soils analyzed by the Bureau of
Soils and not so well assorted as the sands used for filters. In
Figures 19 and 20 are shown two methods of representing the
mechanical composition graphically. As the terms are ordinarily
used, No. 60 shows a clay, No. 47 a silt, No. 33 a fine sand, No. 72 a
medium sand, No. 73 a coarse sand, and No. 65 a gravel.

The effective size of grain of a soil or rock is defined as the diameter
of the grains in an assumed material that has the same transmission
constant, or permeability, as the soil or rock under consideration and
is composed of spherical grains of equal size arranged in a specified
manner as indicated by the porosity. This is the general definition
given by Meinzer ® and is substantially the meaning of the term as
used by Slichter (p. 171). In correspondence Slichter has explained
that in his use of the term the assumed soil or rock has the same
porosity as the actual sample, except in materials to which this
definition can not be applied. He states: “This definition can not
be applied to a sandstone or to a mass of crystalline or angular par-
ticles. For such material I define effective size, but at stated porosity,

5 Von Greyerz, Walo (captain, Royal Swedish Engineers), Nomenklatur for 18sa jor-
darter ; Teknisk Tidskrift, Hift 52, 1925,

¢ Meinzer, O. E., Outline of ground-water hydrology, with definitions: U. 8. Geol. Survey
‘Water-Supply Paper 494, p. 45, 1923,
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26 per cent. The definition needs must be very artificial, as sandstone
of 15 per cent porosity can not be replaced by a uniform sand of that
porosity.” King, however, used the term “effective size” with the
meaning of size of grain having average surface (p. 171), and Hazen
used it in the sense of the size of grain that is larger than 10 per cent
of the material and smaller than 90 per cent of the material (p. 170).
The 10 per cent sizes of the samples tested, as obtained from accumu-
lative curves of the mechanical analyses, are given in the table on
pages 164169,

The uniformity coefficient was used by Hazen ? to compare granu-
lar materials with respect to their degree of assortment. It is an
expression of the variety of the sizes of the grains that constitute the
material. As the term has been used, it is defined as the quotient of
the diameter of the grain that is just too large to pass through a sieve
that allows 60 per cent of the material by weight to pass through,
divided by the diameter of a grain that is just too large to pass
through a sieve that allows 10 per cent to pass through. The 60 per
cent size, as well as the 10 per cent size, can be taken from the accu-
mulative curves of the mechanical analyses. The more nearly uniform
the grains of a material the steeper will be the curve and the smaller
will be the uniformity coefficient. The uniformity coefficient of a
material whose grains are all of the same size is 1.

The computed uniformity coefficients of the samples tested are
given in the table on pages 164-169. This coefficient is obviously only
a rough expression of the degree of uniformity of a material, and in
some samples it is rather misleading. Thus in sample 19 the 60 per
cent line cuts the 0.155 millimeter size, and the 10 per cent line cuts
the 0.005 millimeter size, giving a uniformity coefficient of 31.
Nevertheless, the material is relatively uniform, as is shown by the
fact that 63 per cent is between 0.10 and 0.25 millimeter and 15 per
cent between 0.05 and 0.10 millimeter, which gives 78 per cent of the
size about 0.10 millimeter. In contrast, the coefficient of uniformity
of No. 80, a typically heterogeneous material, is only 12, the 10 per
cent line being at 0.09 millimeter and the 60 per cent line at 1.07.

Van Orstrand ® has suggested a method by which three essential
quantities computed from a mechanical analysis define the material
in a comparative scale. The computation of these quantities involves
higher mathematics and is laborious, but on the basis of his work
it may be possible to devise a more simple formula which will give
approximate results and can be more widely used. Such quantities

7 Hazen, Allen, Experiments upon the purification of sewage and water at the Lawrence
Experiment Station, Nov. 1, 1889, to Dec. 31, 1891 : Massachusetts State Board of Health,
Twenty-third Ann. Rept., p. 431, 1892. See also Meinzer, O. E., op. cit., p. 45.

8Van Orstrand, C. E., On the empirical representation of certain production curves:
Washington Acad. Scl. Jour., vol. 15, pp. 19-39, 1925,
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would express briefly the important features now shown in a me-
chanical analysis. Attempts have also been made te express the
mechanical analyses by means of a “ fineness modulus ” or a “ surface
modulus.”?®

POROSITY

GENERAL METHOD

The porosity of a sample is the percentage of pore space in the
total volume of the sample—that is, the space not occupied by solid
mineral matter. This percentage expresses practically the volume
that can be occupied by water. The method used in the hydrologic
laboratory for determining the porosity is that used by Melcher,*
with modifications for unconsolidated and coarse materials. There
are two parts to the test—one to obtain the volume of the sample
and the other to obtain the aggregate volume of the grains. The
total volume of the sample minus the aggregate volume of the
grains gives the volume of the pore space. The porosity is computed

by the formula P=100 VV”,

centage, V is the volume of the sample, and v is the aggregate volume
of the grains.

in which P is the porosity in per-

METHOD OF DETERMINING THE VOLUME OF THE SAMPLE

If the sample is unconsolidated and its volume was determined
in the field, the volume of the small sample used for the porosity
test is computed from its air-dry weight as compared with the a1r-
dry weight of the entire sample.

If the sample is unconsolidated and its volume was not determined
in the field (see pp. 123-124), some of the air-dry material of the
sample is put into a beaker or small-mouthed bottle of known ca-
pacity and weight and is jarred and tamped to make it as compact
as possible. After a certain amount of compacting any further
jarring and tamping does not appreciably decrease the volume. The
vessel filled with the material is then weighed, and the apparent
specific gravity of the air-dry material is computed in grams per
cubic centimeter. i

The compacting in the laboratory may be either greater or less
than that in nature. The compacting of fine, well-assorted materials
is likely to be greater. For instance, a very tight packing in the
laboratory of sample 78, a light fluffy loess, gave an apparent specific

°Tyler, R. G., A fineness modulus for filter sands: New England Waterworks Ass.
Jour., vol. 39, pp. 239-253, 1925; vol. 40, pp. 24-28, 1926. See also reference to the
work of A. N, Talbot, on page 253 of Tyler’s paper.

10 Melcher, A. F.,, Determination of pore space of oil and gas sands: Mining and
Metallurgy, No. 160, sec. 5, April, 1920.
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gravity of 1.00, but the apparent specific gravity computed from the
volume of the sample as determined in the field is only 0.80, showing
that the compacting was much greater in the laboratory than in
nature. On the other hand, it is difficult to pack gravel tightly. The
rather heterogeneous sample of sand No. 102 had an apparent specific
gravity of 1.85 in nature but only 1.66 in a laboratory test.

If the material is consolidated, the volume is obtained by coating
it with paraffin and weighing it in air and in water. The frag-
ment is cleaned of foreign material and loose particles are brushed
off. It is weighed and then dipped in paraffin heated to a tempera-
ture a little above the melting point. The layer of paraffin is ex-
amined for air bubbles and pin holes, and these are removed by
remelting the paraffin around them with the end of a hot wire. In
dipping the fragments it is best to hold them with the fingers, first
dipping one half of the fragment and then the other half. The
samples are immersed for very short periods, two to three seconds or
less, as the paraffin should not enter the pores. If there is any doubt
about the paraffin entering the pores, the specimen is broken and
examined after the test has been made. When the paraffin cools the
sample with its coating is weighed to determine the weight of the
paraffin,

The sample with the coating of paraffin is suspended in distilled
water by a fine wire and weighed. (See d in pl. 12.) A fine wire
is used so that the error due to surface tension will be as small as
possible. The temperature of the water is taken at the time of the
weighing. The sample is then removed from the water, dried by
pressing the surface against bibulous paper or a small towel, and
weighed in air. The purpose of this weighing is to see whether the
sample absorbed any water. If an appreciable quantity of water
was absorbed, its weight, determined from the difference between the
last weighing and the former weighing of the sample plus the
paraffin in air, is added to the weight of the water displaced.

From the weight of the water displaced, its temperature, and its
density the volume of the sample plus the paraffin is obtained. From
a previous determination of the density of paraffin and the weight
" of the paraffin covering the sample the volume of the paraffin is
computed. This volume subtracted from, the total volume gives the
volume of the fragment of rock used.

METHOD OF DETERMINING THE VOLUME OF THE GRAINS

A sample weighing about 5 grams is dried in an electric oven at
110° C. for 30 minutes to 1 hour, cooled in a desiccator, and weighed.
It is then exposed to the air and allowed to take up moisture. After
the sample has reached a nearly constant weight, it is transferred to
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a pycnometer of known weight by means of glazed paper. The pyc-
nometer containing the sample is then weighed to correct for any
loss in transfer.

The pycnometer used is of the type designed by Johnston and
Adams,'* of the Carnegie Institution. The essential feature of this
type is the plane-ground joint between the stopper and the bottle.
The neck is made fairly thick, partly for strength and partly to
minimize heat transfer when the bottle is held by the neck between
the fingers. It is made in such a manner that there is no recess on
the outside from which water can not readily be wiped away.

The pycnometer is attached to an aspirator (b in pl. 12), the air is
evacuated from the sample, and distilled water is added under a
vacuum. The pycnometer is placed in a constant-temperature ther-
mostat (¢ in pl. 12) regulated to 0.1° C. Filling of the pycnometer
is completed with distilled water taken from another vessel in the
thermostat. After half an hour the pycnometer is removed from the
thermostat, the outside surface is carefully dried with a towel, and
the pycnometer is weighed. From a previous calibration of the pyc-
nometer, which gives the weight of water necessary to fill it, the
weight of water that the sample displaced is found. The volume of
the particles of the sample in the pycnometer is computed from the
weight of the water displaced and the table of densities of water at
the temperature of the thermostat.

Although this method was used in determining the porosities given
in this report, a study of the subject shows that the refinements of
the method are not essential, because the experimental errors involved
in determining the volume of unconsolidated samples are unavoid-
ably great.

The pycnometer described is not adapted for use with coarse mate-
rial. If the sample is a clean gravel a larger sample is taken, and
a larger wide-mouthed bottle of known capacity and weight is used
instead of the pycnometer. The aspirator is not used. If the sample
contains both fine and coarse material the material larger than 2
millimeters is separated from the rest of the sample and is tested
by the method used for gravel. The rest of the sample is then
tested by the ordinary method.

POROSITY DATA

The porosity of a'granular material depends largely upon the
degree of assortment and the manner of packing of the grains. As

u Johnston, John, and Adams, L. H.,, On the density of solid substances with especial
reference to permanent changes produced by high pressures: Am, Chem. Soc., Jour., vol.
34, p. 566, 1912,
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is explained by Slichter,'? spheres of the same size can be packed so
as to give porosities ranging from 25.95 to 47.64 per cent. In fact,
even less compact arrangements are possible and occur, especially in
soils. Angular grains of various sizes can be packed either more
closely or more loosely than spherical grains, and hence they have
an even wider range of possible porosities. The size of the grains is
not important with respect to porosity. If other conditions are the
same a material will have the same porosity whether it consists of
large or small grains. On the whole, silt and clay are about as
porous as sand and gravel. A sample composed of large grains of
uniform size has a high porosity, and a sample composed of small
grains of uniform size has an equally high porosity, but a sample
composed of a mixture of grains of these two sizes has a much lower
porosity.

Of the materials tested (see table on pp. 164-169), the hetero-
geneous gravels have low porosities; the consolidated samples have the
next lowest; the medium-grained, fairly well assorted sands have
rather high porosities, usually between 30 and 50 per cent; and the
fine-grained, well-assorted materials, such as the loess and silt from
Idaho, the shales and silt from Montana, and the fine silty materials
from New Jersey, have the highest porosities—between 50 and 60
per cent.

Figure 21 shows that in a very general way the porosity of the
samples tested increases with the uniformity coefficient, but that in
many of the samples there are wide digressions from this rule.
These digressions may be due partly to the fact that the so-called
uniformity coefficient does not always express the actual degree of
uniformity and partly to the fact that heterogeneous materials may
be arranged in nature in a manner that gives high porosity, as is the
case in many soils.

MOISTURE EQUIVALENT
METHOD OF DETERMINING MOISTURE EQUIVALENT

The term “moisture equivalent” was introduced by Briggs and
McLane®® to denote the quantity of water retained by a sample of
soil or other material when it is saturated and then subjected to a
constant centrifugal force.* As originally defined it is the ratio
of the weight of water retained to the weight of the dry sample.

1 Slichter, C. 8., Theoretical investigation of the motion of ground waters: U. 8. Geol.
Survey Nineteenth Ann. Rept., pt. 2, pp. 306 et seq., 1899.

18 Briggs, L. J., and McLane, J. W., The moisture equivalents of soils: U. 8. Dept. Agr.
Bur. Soils Bull. 45, 1907.

14 For a summary of the work done by Briggs, McLane, Israelsen, and others on moisture
equivalents see Meinzer, Q. E., The occurrence of ground water in the United States, with
a discussion of principles: U, 8. Geol. Survey Water-Supply Paper 489, pp. 50-76, 1923.
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The moisture equivalent is computed by the formula,
w
M,= IOOTV—

in which M, is the moisture equivalent in percentage by weight, w
is the weight of the moisture, and W is the weight of the dry sample.
The formula for the moisture equivalent by volume is

M,=100458,
in which M, is the moisture equivalent in percentage by volume
and § is the apparent specific gravity of the dry sample.

The test for moisture equivalent is made practically according to
the method used by Boyd *® in the laboratory of the United States
Bureau of Public Roads and is not essentially different from the
method used by the Bureau of Soils. A small piece of filter paper
is placed in the bottom of a Gooch crucible to prevent the material
to be tested from sifting through. A 5-gram sample is placed in the
crucible and the crucible is set in a pan of water to allow the sample
to take up water by capillarity until it is saturated. The crucible
with the saturated sample is placed in a moist chamber overnight to
insure an even distribution of moisture throughout the sample. It is
then placed in a Babcock cup with a perforated rubber stopper at
the bottom, which serves as a cushion. This stopper is provided with
a hole sufficiently large to hold the water that is thrown out during
the centrifuging, without allowing any moisture to be drawn back
into the crucible by capillarity after centrifuging. The Babcock cup
is provided with a brass cover to prevent evaporation. The sample
is centrifuged for an hour at a speed which for the diameter of
head used will exert a centrifugal force approximately 1,000 times the
force of gravity. ‘

As a check on the results duplicate samples are placed opposite each
other in the centrifuge. The centrifuge may vibrate badly if the
cups do not exactly balance, but as about the same quantity of water
is thrown out from equal weights of the same material the cups oppo-
site each other generally continue to balance throughout the centri-
fuging. If the cups do not balance, fine shot is put in the bottom of
one until it balances the other exactly.

After centrifuging the samples are weighed at once, before appre-
ciable evaporation can take place. They are then dried in an electric
oven at 110° C., cooled in a desiccator, and weighed. The weight
of the moist soil minus the weight of the dry soil gives the weight
of the moisture which was retained after centrifuging. The moisture

1 Boyd, J. R., Physical properties of subgrade materials: Am. So¢, Testing Materials
Proc., vol. 22, pt, 2, Technical papers, pp. 337 et seq., 1922,
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equivalent, by weight, is this moisture expressed as a percentage of
the weight of the dry soil. The moisture equivalent by volume is
computed by multiplying the percentage by weight of the apparent
specific gravity. (See formulas, p. 136.)

In some samples, especially in those consisting of clayey material,
the moisture equivalent by volume is greater than the porosity.
When the samples are saturated they usually show an excess of mois-
ture on the top. In clayey samples the centrifuging often allows this
excess to remain or to accumulate on top because the material is too
impervious to allow it to pass through and be thrown out. It is
possible that the centrifuging compacts the clay particles and squeezes
out moisture, which accumulates on top. This excess moisture gives
the sample a high apparent moisture content. Briggs and McLane *¢
state that they encountered this difficulty in some of the more reten-
tive materials when large quantities of soil were used, and they there-
fore used samples with a depth of only 5 millimeters. Some samples
of clay that contain considerable colloidal material may absorb large
amounts of water, and the moisture equivalent may be greater than
the porosity. Such absorbed water is actually retained in the mate-
rial against the pull of the centrifugal force and can properly be con- .
sidered a part of the moisture equivalent.

Tests of moisture equivalent can not be made by this method on
coarse materials. The conditions of the test require a sample weigh-
ing not more than about 5 grams, in order not to have too great a
thickness of material, and only material with particles less than 2
millimeters in diameter is used. It is found that fine uniform mate-
rials give close checks in results, and that coarse, heterogeneous mate-
rials differ rather widely. -In heterogeneous materials the propor-
tions of coarse and fine in the small samples used may.not be the
same. The method of quartering is evidently not sufficiently refined
for a 5-gram sample, and it is probably impossible by any feasible
method to obtain two 5-gram samples of heterogeneous material that
do not differ considerably in their proportions of large and small
grains,

RELATION OF MOISTURE EQUIVALENT TO SPECIFIC RETENTION

The moisture-equivalent test is made to obtain a value for the
specific retention. The term “specific retention ” " is used to express
the quantity of water which a soil or rock will retain against the pull
of gravity if it is drained after having been saturated. The ratio

% 0Op. cit., p. 15.

17 Meinzer, O. E., The occurrence of ground water in the United States, with a discussion
of principles: U. 8. Geol. Survey Water-Supply Paper 489, pp. 50 et seq., 1923 ; Outline
of ground-water hydrology, with definitions: U, 8. Geol. Survey Water-Supply Paper 494,
p. 28, 1923,
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of the volume of this retained water to the total volume of the
material, expressed as a percentage, is the specific retention. The
specific retention of the formation is invariably less than the per-
centage of water retained by small isolated samples of the same
material that are saturated and then allowed to drain. The com-
municating interstices of a soil or rock commonly form irregular
capillary tubes. In a small sample these tubes may be short enough
to hold all of their water, but in nature many of the tubes are indef-
initely long and hence are drained down to a certain level above the
water table determined by their diameters. Obviously, in any direct
test, whether made in the laboratory or in the field, the true specific
retention of the material can be ascertained only by using a high
column of the material and disregarding the lower part that lies
within the capillary fringe. A good summary of the measurements
of the water-retaining capacity of soils, made chiefly in the field and
beginning with King in 1889, is given by Israelsen and West.*®

The moisture-equivalent method of determining the specific reten-
tion is based on the theory of applying a centrifugal force great
enough to reduce the capillary fringe so much that this fringe can be
- ignored without introducing much error, even in small samples, and
yet not great enough to withdraw a large proportion of the water
that is held more securely above the capillary fringe. Thus, if a
material will lift water 100 inches by capillarity acting against
gravity, it will theoretically be able to hold it only 0.1 inch against a
centrifugal force that is 1,000 times as great as the force of gravity.

Experimental work indicates that for at least some materials the
moisture equivalent approximates the specific retention. Israelsen,®
who has made extensive field experiments on water-retaining capaci-
ties, statest

Correlations between the moisture equivalent and the maximum amounts of
water found after irrigation show a gratifying agreement and suggest that the
moisture equivalent might be made a basis of judging maximum capillary
capacities [essentially specific retentions].

F. H. Veihmeyer, of the University of California, who has done
much work on this subject, wrote on February 8, 1924: “All of the
results we have obtained so far indicate that the moisture equivalent
is a fairly accurate measure of the moisture-holding capacity of our
agricultural soils.” Veihmeyer’s method is similar to that used
by Israelsen. He determines the moisture content of samples of a
soil 24 hours after an irrigation sufficient to wet the soil 6 feet in

18 Igraelsen, 0. W., and West, F. L., Water-holding capacity of irrigated soils: Utah Agr.
Coll. Exper. Sta. Bull. 183, p. 18, 1922.

 Israelsen, 0. W., Studies on capacities of soils for irrigation water, and on a new
method of determining volume weight ;: Jour. Agr. Research, vol. 13, p. 34, 1918,
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depth and alse the moisture equivalents of the same samples. Veih-
meyer * found that the percentage of moisture retained by a sample
that is centrifuged at 1,000 times the force of gravity varies inversely
with the size of the sample. Thus a 60-gram sample of a certain
sandy loam gave a moisture equivalent of 21 per cent, whereas a
10-gram sample of the same soil gave a result of 32 per cent. Simi-
larly a 60-gram sample of a certain clay loam gave a moisture
equivalent of 22 per cent and a 10-gram sample 38 per cent. He says
that with samples in excess of 60 grams in standard centrifuge
cups the moisture equivalent is fairly constant. These experimental
data obtained by Veihmeyer seem to verify the theoretical conclu-
sions reached by Meinzer 2* that each centrifuged sample retains at
the bottom a capillary fringe the height of which is inversely pro-
portional to the centrifugal force. As the height of the capillary
fringe is independent of the height of the sample, it follows that the
shallower the sample the larger the proportion of it that remains
in the capillary fringe and hence the higher the percentage of mois-
ture it retains against the centrifugal force. By using large samples
this error becomes negligible. It seems desirable, therefore, that a
test should be devised in which a relatively large sample can be used.

Bates?? attempted to make moisture-equivalent tests on coarse
heterogeneous forest soils and suggested centrifuging large samples
of soil under a force of only one hundred times gravity. The large
sample is obviously an advantage, but the reduction of the force ex-
erted seems of doubtful value, because it will result in higher capil-
lary fringes in the samples while they are being centrifuged. If
the moisture-equivalent test is to be used to determine the specific
retention of water-bearing materials, there is urgent need of adapting
the test to materials that are coarse and heterogeneous,

RELATION OF MECHANICAL ANALYSIS TO MOISTURE
EQUIVALENT AND SPECIFIC RETENTION

The moisture equivalents of the samples tested range from 1.34-
per cent to more than 100 per cent. (See table, pp. 164-169.) The
samples that have extremely high moisture equivalents contain large
amounts of clay or silt; those that have small moisture equivalents
consist largely of coarse material. Figure 22 shows a general relation
between the moisture equivalents of the samples tested and their
10 per cent sizes.

2 Correspondence Feb. 8 1924. See also Veihmeyer, F. J., Israelsen, 0. W., and Conrad,
J. P., The moisture equivalent as influenced by the amount of soil used in its determina-
tion : California Univ. Agr. Exper. Sta. Tech. Paper 16, 1924,

2t Meinzer, O. E., op. cit. (Water-Supply Paper 489), p. 72.

22 Bates, C. G., and Zon, Raphael, Research methods in the study of forest environment :
U. 8. Dept. Agr. Bull, 1059, May 19, 1922,
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Briggs, Martin, and Pearce?® make the following statement ih
regard to the relation of the mechanical composition of a material
to its moisture retentiveness:

Soil texture has been used for the quantitative description of soils more
extensively than any, other physical property, and unfortunately it has been
one of the most difficult to interpret from the standpoint of moisture reten-
tiveness. Texture is quantitatively expressed by means of the mechanical analy-
sls, which shows the composition of the soil when the particles are separated
into groups according to size. The accuracy with which the texture of the soil
can be expressed by this means is dependent on the number of groups into
which the particles are separated. But the difficulty of effecting a complete
separation of the finer particles into the desired groups places a practical limit
upon the number of groups, which is usually limited to seven.

The use of mechanical analysis as a basis for determining the moisture
retentiveness of a soil is further complicated by the fact that soils having a
high clay content will show great differences in the amount of colloidal material,
which greatly affects the moisture retentiveness. Furthermore, the particles
constituting a given group may lie much nearer one limit of the group than the
other, so that a given group does not always have the same properties. Con-
sequently, the particles constituting a given group in the mechanical analysis
do not always have the same moisture retentiveness per unit mass. It is alse
possible that the specific retentivity of a group when measured alone is modified
. to some extent by admixture with particles from other groups.

Several formulas for obtaining the moisture equivalent from the
mechanical analysis of a soil have been developed. The first work,
of this kind was done by Briggs and McLane,?* who used a moisture
equivalent based on a force three thousand times that of gravity.
Later Briggs and Shantz 2° developed a number of formulas ameng
which is the following, based on a centrifugal force of 1,000 times
gravity:

. Moisture equivalent=0.02 sand +0.22 silt+1.05 clay.
In this formula the sand, silt, and clay are expressed in percentages
of the weight of the dry sample, and the moisture equivalent is, of
course, also expressed by weight.

Alway and Russel ** compiled a table in which are compared
moisture equivalents (1) determined by experiment, (2) computed
by the formula of Briggs and Shantz, and (3) computed by a modi-
fied formula. They make the following statement:

It will be seen that the formula of Briggs and Shantz gives values too low
for the coarsest-textured members of the series and too high for the finest

2 Briggs, L. J., Martin, O. F., and Pearce, J. R., The centrifugal method of mechanical
soil analysis: U. 8. Dept. Agr. Bur. Soils Bull. 24, p. 33, 1904.

2 Briggs, L. J., and McLane, J. W., The moisture equivalents of soils: U. 8. Dept. Agr.
Bur. Soils Bull. 45, pp. 17 et seq., 1907.

= Briggs, L. J., and Shantz, H. L., The wilting coefficient for different plants and its
indirect determination: U. 8. Dept. Agr. Bur, Plant Industry Bull. 230, p. 72, 1912,

% Alway, F. J., and Russel, J. C.,, Use of the moisture equivalent for the indirect
determination of the hygroscopic coeficient: Jour. Agr. Research, vol. 6, p. 843, 1916,


http:silt+1.05
http:sand+0.22
http:equivalent=0.02

\

142 CONTRIBUTIONS TO HYDROLOGY OF UNITED STATES, 1927

textured, In the modified formula the value assigned to the clay is lowered,
that to the sands much increased, and that fo the silt slightly raised.

This modified formula gave results in close concordance with. the
directly determined values. The authors summarize the matter thus:

For the calculation of the moisture equivalent from the mechanical analysis
no general formula appears universally applicable, the formula needing modifi-
cation according to the soil type to which it is to be applied.

The moisture equivalent has also been used by Middleton " to
interpret the mechanical analyses of soils. Middleton summarizes
his paper as follows:

There is a direct relationship between the moisture equivalent and the per-

centages of sand, silt, and clay in the soil as determined by mechanical analysis.
This relationship may be expressed as

Moisture equivalent=0.063 sand-0.291 silt-}0.426 clay.

The presence of considerable amounts of organic matter in the soils tends to
increase the moisture equivalent and to disturb .the relation between the
moisture equivalent and the mechanical analysis.

For samples containing less than 20 per cent of silt and clay Mid-
dleton recommends the following formula:

Moisture equivalent=0.02 sand-+0.40 silt-}0.53 clay.

In the following table are given the moisture equivalents of the
samples tested in the present investigation as determined in the
hydrologic laboratory and as computed from the mechanical analysis
by means of the formula of Briggs and Shantz and the two formulas
of Middleton. In each column the moisture equivdlent by volume
is given. To compute this the results obtained from the formulas
by Briggs and Shantz and by Middleton were multplied by the
apparent specific gravity. The samples are arrano'ed in the order of
their experimental moisture equivalents, :

27 Middleton, H. K., The moisture equivalent in relation to the mechanical analysis of
soils ¢ Soil Sci., vol. 9, No. 2, pp. 159-167, February, 1920.
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Eeperimental moisture equivalents and moisture equivalents computed from
formulas of Briggs and Shantz and of Middleton ¢

[All moisture equivalents are expressed by volume]

Moisture equivalent Moisture equivalent
Appar- s Appar-
No. ent Middleton No ent Middleton
. specigc Experi- Brig(rigs . speci{ic Experi- Brig('igs -
gravity | an gravity an
mental | ghants |General| Special mental | shant, | General| Special
formula| formula formula|formula
1.37 1.3 3.7 9.1 3.4 2.06 14 18
1.42 1.8 4.2 9.5 3.7 151 14 5.6
1.46 1.8 4.3 9.7 3.8 1.19 15 8.9
1. 51 1.9 4.2 10 3.8 1.93 15 20
1.56 2.0 5.7 11 45 174 16 18
1.54 21 5.1 11 4.5 2,19 16 21
1. 47 2.2 4.0 10 3.7 1.72 16 7.6
1.59 2.6 6.5 11 5.9 2.06 16 13
1.44 2.7 49 9.9 4.0 1.85 17 17
1.48 3.0 5.3 10 feeeoeoo 1.47 17 16
1. 50 3.7 5.6 11 5.0 1.36 18 16
1.85 2.6 7.8 14 6.8 .75 18 7.7
181 3.7 9.2 16 7.4 1,47 18 10
1,47 4.2 8.2 12 7.5 1ol 19 9.0
1.96 4.2 6.1 14 7.1 1,47 19 21
1,51 5.0 6.5 11 5.9 2,07 19 14
1.67 5.2 11 15 10 1.87 20 13
1. 66 5.3 10 15 9.9 1.47 20 16
1.48 5.4 13 13 8.6 2, 50 20 25
1. 56 5.4 4.7 11 4.7 1.79 21 17
1.47 5.7 7.1 12 7.5 2,08 21 12
1. 66 5.7 4.2 11 5.0 2.09 21 20
1.77 5.7 11 16 10 1.8 28 34
1.72 6.4 4.3 12 5.0 1.00 32
1.47 6.7 9.2 13 9.0 125 33 13
1.75 6.8 13 16 12 1.25 38 38
1.73 7.6 5.9 14 81 1.54 39 22
1.67 7.0 3.5 11 3.5 2.00 42 38
1.81 84 6.2 13 6.7 1.67 42 114
1.76 8.8 13 17 12 1.19 50 16
1.52 9.2 11 13 8.1 2.01 52 65
1.73 11 7.4 15 11 1.65 53 72
1.80 11 6.7 15 9.5 1.81 49 36
1.87 11 7.3 15 9.7 1L73 62 19
1.91 11 7.4 15 82 1.92 72 94
1.73 11 5.1 13 6.7 127 76 40
1.54 12 50 12 6.8 2.06 77 131
1.71 12 7.5 14 9.4 1. 57 85 51
1.97 12 13 18 12 1901 | 122 73
1.78 13 6.4 14 7.8 207 | 124 148
1.82 13 7.0 15 10 193 | 172 58

s The formulas used to compute the moisture equivalents by weight are as follows: Briggs and Shantz,
0.02 sand+-0.22 silt+1.05 clay; Middleton, general formula, 0.063 sand--0.201 silt-}-0.426 clay; Middleton,
special formula for samples that contain less than 20 per cent of silt and clay, 0.02 sand-}-0.40 silt-0.53 clay.
All results were multiplied by the apparent specific gravity to obtain moisture equivalents by volume.

b Some grains greater than 2 millimeters in diameter.

For the samples that contain less than 2 per cent of silt and clay
all the formulas give results that are much higher than the experi-
mental moisture equivalents. The results obtained by use of the
Middleton general formula are the most erraticc For the samples
that contain 2 to 10 per cent of the silt and clay the Middleton generah
formula is likely to give results that are much higher than the experi-
mental ; the Briggs and Shantz formula and the Middleton special
formula give fairly good results for many of the samples but results
that are much too high or much too low for a considerable propor-

tion. On the average the Middleton special formula gives somewhat
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the best results. For the samples that contain 10 to 20 per cent ofsilt
and clay all three of the formulas give results that agree fairly well
with the experimental results for most samples but with wide depar-
tures for some. For the samples that contain 20 to 30 per cent of silt
and clay both the Briggs and Shantz formula and the Middleton gen-
eral formula give fairly good results for most samples but with wide
departures for some. For a large part of the samples that contain
more than 30 per cent of silt and clay the results computed by either
formula give results that vary widely from the experimental results..

RELATION OF MOISTURE EQUIVALENT TO SPECIFIC YIELD

The term “specific yield ” is used to express the quantity of water
that a formation will yield under the pull of gravity if it is first
saturated and then allowed to drain. The ratio, expressed in per-
centage, of the volume of this water to the total volume of the forma-
tion that is drained is the specific yield. It is the porosity minus the
specific retention.

In the table on pages 164-169 is given the porosity minus the mois-
ture equivalent by volume of the samples tested. The difference rep-
resents the percentage of pore space that is empty when a sample
comes out of the centrifuge. For a material that has a low or mod-
erate moisture equivalent the difference between the porosity and the
moisture equivalent gives an approximation of the specific yield, but
for a material that has a high moisture equivalent this computation
is likely to give erratic results. The moisture equivalents computed
from mechanical analyses of materials that contain less than 30 per
cent of silt and clay apparently have some value in computing the
specific yield. For materials with very low content of silt and clay
the computed moisture equivalent is likely to have a large percentage
of error, but as the moisture equivalents of these samples are low the
resulting percentages of error in the computed specific yields are not
correspondingly large.

PERMEABILITY
APPARATUS

The permeability test was devised by O. E. Meinzer to measure the
rate of flow of water through columns of water-bearing materials
under low heads, such as are found in nature. The method is to
allow inflow of water at the bottom of a column of the material of
known height and outflow at the top. The difference in head of
water at the bottom and the top is regulated by an adjustable supply
tank and is indicated by two pressure gages. Observations are made
on the rate of discharge and the temperature of the water.
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In view of the difficulties King *® found in running water through
samples and his subsequent use of air instead of water, it was believed
that the permeability test would necessarily be one of permeability to
air, the results of which would be computed into permeability to
water. Therefore the air-permeability apparatus of Karr and Sager,
of the Bureau of Standards, used in work on molding sands, was at
first seriously considered. However, a little study into the subject
showed that, although the viscosities of both air and water have been
accurately determined, serious uncertainties are involved in convert-
ing permeabilities to air into permeabilities to water, chiefly because
of notable effects of hygroscopic or other moisture in the sample on
the air permeability, as determined by Karr and Sager. A few pre-
liminary tests of permeability were made with water in the apparatus
devised by Mr. Meinzer. The results were very satisfactory, and a
more careful and extended series of tests were then made on a sand
obtained from Fort Caswell, N. C. (pp. 152-159). The results of this
series of tests were so good that this apparatus was used in all the
work on permeability. It is, however, Mr. Meinzer’s opinion that
before a final decision can be reached as to the relative merits of the
air and water methods further research is necessary, in which tests
by the two methods shall be made on duplicate samples of the same
material with the same compacting and in which tests shall also be
made with the water apparatus on a series of samples of the same
material and with the same compacting.

The permeability apparatus shown in Plate 13 and Figure 23
is known as the long-cylinder apparatus. It differs from the short-
cylinder apparatus, which is used in most of the tests, only in the
length of the cylindrical copper vessel that holds the sample and
in the length of the pressure gages. The cylindrical vessel @, which
is called the percolation cylinder, is closed at the lower end and has
four openings, two at the bottom and two at the top. It is 8 inches
in diameter. In the long-cylinder apparatus this vessel is 48 inches
bigh; in the apparatus that is ordinarily used it is only 8 inches high.
There is one opening, b, near the bottom for inflow of water; one
near the top, ¢, for discharge of water that has percolated up through
the sample; and two, 4 and &’, for pressure gages. The pressure
gages consist of two glass tubes, ¢ and ¢’, each about half an inch
in diameter. They indicate the difference in head at the bottom
and top of the column of material that is being tested. The glass
tubes must be of large enough diameter to make capillarity in them
negligible. Another cylindrical copper vessel, f, about 12 inches
high and 5 inches in diameter, is used as a water-supply tank.

% King, F. H., Principles and conditions of the movements of ground water ;: U. 8. Geol,
Survey Nineteenth Ann. Rept., pt. 2, pp. 107-206, 1899,
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Water from an ordinary faucet enters the supply tank slowly through
a glass tube, ¢, which extends below the water level in the tank to
prevent splashing. A rubber tube, A, leads water from the supply
tank to the percolation cylinder. The surplus water is discharged
from the supply tank through an opening 114 inches in diameter
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FicURE 23,—Dijagram of long-cylinder permeability apparatus

near the top, not visible in Plate 13. This overflow outlet keeps the
water level in the tank nearly constant. Its accuracy as a regulator
of the water level increases with the size of the outlet opening. The
tank is raised or lowered by means of a screw jack, ¢, with which very
fine adjustments of head are possible. Half a turn of the handle in
the jack gives about 1 millimeter difference in the head.
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A cathetometer, %, in Plate 13, is used to read the difference in level
in the pressure gages when this difference is small. It consists
of a telescope, mounted on a vertical rod on which it can be raised
and lowered and swung in a 90° arc. The telescope has an eyepiece
with movable cross hair and micrometer adjustment. The telescope
is focused on a meter rod, /, and calibrated. It is then swung to the
pressure gages, and the distances between the levels are determined
by means of the micrometer adjustment. By use of this cathetometer
heads can be read down to less than a hundredth of a millimeter.

METHOD OF PUTTING SAMPLE INTO THE APPARATUS

Several rubber stoppers are put in the bottom of the percolation
cylinder. On these is placed a circular piece of fine copper gauze
to keep the sand from sifting through. If the material to be tested
is very fine, a piece of fine-mesh bolting cloth is placed on the copper
gauze.

In the short-cylinder apparatus the column of material to be tested
is as nearly as possible 10 centimeters high. If the sample was taken
volumetrically, the requisite weight of sand to make a column 10
centimeters high, based on the air-dry apparent specific gravity, is
put into the percolation cylinder. The sample is shaken, tamped, and
jarred in order to make it occupy practically the volume it had in
nature. A sample may occupy more space than its computed volume
in nature, gnd further jarring and tamping may not compact it
further. Another sample, however, may occupy less than the com-
puted volume, and there is no practicable method of increasing its
volume to that which it occupied in nature. If the height of the
column was greater or less than 10 centimeters, this fact is recorded
in the footnotes of the table (pp. 164-169). If the sample is not volu-
metric, the material is packed into the cylinder until a column 10
centimeters high is obtained. It is jarred and tamped so as to make it
as compact as possible, and this maximum compacting is assumed to
be that of the natural sample. Serious errors may be involved in
applying the coefficient of permeability in field problems because of
irregularities in the natural packing of the formation that was sam-
pled and especially because of local assortment and stratification even
within the material that furnished the sample, which could not be
restored in the laboratory. The assortment in nature generally in-
creases the average permeability in the direction of the stratification.
On the other hand, any assortment produced by shaking and jarring
the sample in the percolation cylinder is likely to decrease the permea-
bility. It is obviously desirable that a method should be developed
for obtaining undisturbed samples of unconsolidated materials for
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the permeability tests. Permeability tests have not yet been made
in this laboratory on consolidated samples.

After the percolation cylinder has been filled with the material
to be tested, water is allowed to enter very slowly at the bottom, the
head being kept very low so as not to roil the material. It may
require only a few minutes or as much as several hours to saturate the
sample, according as the material is coarse or fine.

METHOD OF MAKING THE TEST

When the water is discharging uniformly from the outlet at the
top of the cylinder the test is begun. The temperature of the water
is tak