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INTRODUCTION

A number of separaie investigations are presented in this report
heeause they all pertain to soil-tnoisture constants within the eapillary
range and because most of the soil satuples used in cach investigation
were the profile samples of the erosion experiment stations of the
Department of Agriculture.  With the exception of the Marshall siit
loam, ail erosion station s:miples were taken from the same stock ma-
terials that were used by Middieton, Slater, and Byers (23, 24, 80)?
who have published extensive studies of the physical and chemical
properties of these soils and their extracted colloids.

The work on centrifugal moisture concerns the effect of high centrif-
ugal forces on the moisture cantent of soils. This study was made
possﬂ)le by the development of o small moisture-equivalent type of
centrifuge in which soll samples were subjected to lorces as high as

t Reecived for publiention Jon, 25, 1937,

t This is the fifth report relev nnt o the properties und charneteristios of the rresion siation safls.  The
work presented in HIIS repart was initinted end completad hefore the transfer of Lhg ¢rgsion stations to Lie
Soll Conservation Bervive.

2 ltplie nombers in purenthieses rofer Lo Literoture Cited, p. 42,
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330,000 times that of pravity, o force much higher than previously
had heen used. In the study of the normal moisture capacity of
soils, it was desired to obtain n laboratory soil-moisture test which
would furnish a more accurnte measure of the water-carrying capacity
of ficld soils than does the moisture equivalent. The data may be of
jnterest in connection with soil-srosion research,

A review of the literakure on the slicky point reveals an unsatis-
factory condition. Different operators may ohtain widely different
resulis by the same process upon the same soil, and one operator may
oblain widely different resulis upon the same soil by the use of differ-
ent procedures.  1n the study of the sticky point it was desired to
develop a simple procedire that would depend upon persenal judg-
ment to ominimum extent only.  The sticky point may be so defined
and procedures for its determination so given that it is o property of
only those soils in the plastic-consistence group of Atterberg. Since
the Jower plastic lintt is also a jwoperty of plastic soils, the deter-
mination of this constant has been ineluded in this work.

A number of detorminations of the water-holding enpacity of soils
under various comditions of drainage and packing have been used. It
seemed desirable o propose another test, the determination of the
minimnm pereentage of water required to saturate a soil smmple when
it iz arranged in elosest packing bul not subject to compression.
Attempts were made to devise procedures that would accomplish
this resull,

The wide variety of data obtained for these soil samples in this and
previous invesligntions appewred {o be suvitable for a study of the
relationships of some of ihe moisiure eonstants to each other and to
other physical and chemieal praperties ol the soils. Although ondy 52
samples and 11 profiles are represented in the group, they exhibit a
wide range ol physieal and ehemieal properties. Conclusions drawn
from a statistieal study of sueh data appear more Jikely to be valid
than when more samples and Tewer of the great soil groups are used.

CENTRIFUGAL S0OIL MOISTURE

The moisture retentiveness of soil under free gravitationnl drainage
varies ko greatly with changes in structure, packing, or other particle
armnegement that it is practieally impossible always to arrange loose
soil material into a4 system physically comparable with the field soil
in its water velations  DBriggs and AleLane (7) sought to obtain a
svstem of packing laboratory samples to eomparable conditions of
capillary moisture by centrifuging thoroughly wetied soil samples.
The percentage of water retained by the soil material under specified
conditions in a centrifugal field 1,000 times the gravitational field of
the earth (briefly 1,000 gravity} was called the moisture equivalent.
T'his moisture constant has now become perhaps the best known and
most used single-value soil property.

Lebedeft (20) studied the effect of higher centrifugal forces upon
the moisture content of the wetted soil sample.  He put small shallow
soil samples into a small-dinmeter, high-speed centrifuge, and sub-
jected them to centrifugul forces estimated to be as high as 70,000
eravity. He concluded that all capillary water was removed at
about 18,000 gravity, and that none of the remaining water could be
removed at higher gravitational fields. It was in part to check this
surprising conclusion that this investigation was undertaken. The
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primary object was to determine whether it is possibie by centrifu-
gation to remove water from soils to a moisture content helow the
permanent wilting percentage, and to search for relntionships belween
this moisture conlent, the moisture ecquivalent, and the water-vapor
absorption at 99 percent refative humidity.

METHODS

The fivst centrifuge used in this work was made by mounting a small

moisturc-equivalent type of centrifuge head upon the shalt of the
electric motor-driven, high-speed grinder used by Lebedeff (20).
Heating of the soil samples due to air friction against the rotor was
prevented by the use of an air-turbine head mounted direetly beneanth
the centrifuge rotor so that the latter was bathed in an expanding
jet of atr. Tho turbine also furnished
additional power and materially de-
crensed the slippage ol the driving
belt. The centriluge head, provided
witl o tightly fitting lid, held eight
sample boxes, each of which was filled
to o deptl of 4 mm with soil matoerial,
The centrifuge radios was 38 mm Lo
middepth of the samples. The retor
speed was cheeied with a stroboscope,
Centrifugal forces as high as 100,000
gravity wers obtained.

Because of bearing failures at {he
higher speeds  this cquipment was
almndoned, and a bearineless centri-
fige was used,  Its construction was
based npon the design of Beams and
Weed (2, Weed Turnished thestaier
and st relor. The rotors finally
uged were of the design shown dia-
prammalieallyin ficure 1, Theywore
mude fram solid, beat-treated duralu-
min alloy 17571, and were provided
with tightly [itting screw-on lids.

The instde diameter of the rotors was

1.25 nebes, and the side walls were Bl b earituge mtor: . side view; 4,
.10 ineh thiek, Sixlern o LHI”“_.' l::::f!{:-lllli (\”110:\]{“ r:nltl:r :urrs\u.l:l]h:rm“ s boure
spaced  drainage holes 0.35 mm in

dinmeler were dnilled through the wall of each rotor perpendicular to
the axis of yotation. The smooth inside walls were slightly eoncaved
to facilitate drainage.

Thie rotors were driven by compressed air striking the diagonally
cut grooves milled into the conienl noses,  The stator, Tunnel-shaped
and mounted vertieally, contained the orifices of the driving air jets.
When @ rotor was placed upon the stator in the position shown in
figure 2, aud alr pressure upplied, the rotor lifted slightly and began
to spin rapidly. The stator and rotor were enclosed in a felt-lined
glass-covered container in order to reduee the intense high-pitehed
soind produced by some rotors, usually the least efficient ones.
Many ehanges in design were made before rotors werenbtained which
were efficient and stable ot all speeds. Subsequent to this investiga-
tion Garman (74) veported the essential conditions upon which may be
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hased stator and rotor designs that provide the greatest stability and
highest efficiency for this type of centrifuge. The rotational speeds
were determined by means of a simple stroboscope made by mounting
scanning disks having 80 holes or less upon the shaft of o variable
speed clectric motor.

The rotor, which vonstituted a miniature single-sample moisture-
equivalent centrifuge, was used also as sample box and weiching dish.
"The wall of the rotor was lined with a band of filter paper that had
been moistened and. then spun for a few seconds in order to hold it
tightly in place. A swmple equivalent to 4 g of oven-dry soil was
poured into the rotor, moistened with distilled water, and allowed to
stand for 3 to 5 hours. The rotor lid was then tightly serewed on
and the snmple spun ab the desired spoed for » definite length of time.
The standnrd time was 20 minutes, and the standard speed was
2,315 revolutions per second, which produced a centriluzal force of

W

&

Fravre 2. -Ar centrifige showing the rotor pheed spon she stalor in position far sperntlon,

300,000 gravity st the middepth of the sample.  After centrifuging,
the loaded rotor was weighed, the lid removed, and the sample, still
in the rotor, was dried at 105° €. overnight. For laclk of a better
term, the moisture content of the centrifuged sample so determined
will hereafter be referred to as the “centrifugal moisture.”

Within g few scconds after the rotor started spinning, the soil was
packed info a smooth ring of uniform rectangular cross section about
4 mm thick against the rotor wall, where, after oven-drying, it remained
ns o hard dense mass except in the case of the very sandy soils. In
clay soils high in organic matter, such as the Iouston, shrinkage
eracks occwrred during drying.  This soil also shrank sway from the
rotor, but most samples made a soil ring so firmly packed against
the wall that they could be removed only by washing. A 4-g sample
containing 10 percent of moisture exerts a force af nearly 1.5 tons in
& feld of 300,000 gravity and develops upen the walls of the rotor a
pressure of about 2,000 pounds per square inch.
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In the computation of the moisture content of the centrifugal
sample, the small correetion for the weight of the filter paper and the
water it held was not made because of the uncertainty of the weight
to be deducted.  In one test the centrifuge was run at standard speed
containing at first only a heavy wet filter bund and later the same
band backed by 2 g of wet sea sand.  The water held by the flter
alone in the first instance was greater than that lreld afferward by
the sand and filter combined. In this work a thin hard filter band
was used that weighed only 0.028 g and was just wide cnough surely
to cover the small drainage holes in the rotor wall. The weight
ratio of filter to soil was about the same as exists in standard moisture-
equivalent determinations.

Since this type of centrifuge has not hitherto been used for centri-
fuging soil samples, details of operation and other observations may
be of interest. The loaded rotors developed centrifugal forces of
300,000 gravity with u driving air pressure of about 110 pounds per
square incly, forces of 200,000 gravity at half that pressure, and forces
of 20,000 gravity at only 5 pounds per square inch above atmospheric
pressure.  Muanual control of the air pressure was relied on to keep
the centrifuge speed in synchronism with the stroboscope. This
methnd of control was adequate at high speeds but not at the lower
ones. 1t may he sbserved 1 figure 3, B, that, at high speeds, varia-
tions In centrifugal forces, casily within control, produce small chanecs
in moisture content of the centrifuged sample, but that at low specds
this 1s no longer true.  The determinations made at low centrilugal
forees were not aceurate in comparison with moisture-equivalent doter-
minations at 1,000 gravity, but at full speed duplicates agreed quite
as well as do standard moisture equivalents.

The time interval for centrifuging was made rather short in arder
to minimize the possibility of drying the sample by a flow of air throug)
the rotor.  The lids, serewed on with a fine fhread, made contact
with the top of the rotor so that they fitted tightly.  Whether they
remained tight at 2,300 revelutions per second is uncertain. At that
specd, due to centrifugal Tarce, an air-pressure difference of about
4 pounds per square ineh existed hetween the edge of the Hd and the
arainage holes in the side wall of the rotor.  The drainage holes were
50 sniall that no great flow of air througa the sample was possible.
Repeated centrifugings gave only small Josses in weight.  Rotors
with only 2 drainage holes gave a few tenths of a percent higher soil
moistures Uinn those with 8 or 16 holes.

With the equipment wvailable 1t wes necessary “o keep the rotor
diameter small if high centrifugal forces were to he obtained. Lower
soil moistures eould bave been obtained in the centrifuged samples
by increasing the sample depth, but because the rotor radius was only
15.9 mm, the sample depth was limited to 4 mm. A radius of 13.9 mm
was used In computing centrifugal forces.

Even at this sample depth there was some difficulty in securing
drainege in centrifuged samples of the lower profile layers of some of
the silt loams, particularly the Shelby. Drainage was freer in the
IHouston, the heavy-textured lateritic samples, and even in the ex-
tracted lateritic colloids. For samples which presented this difficulty,
the centrifuge was run at very slow speed for the first minute or two.
Then the speed was increased so graduujly that most of the excess
water was removed before the sample was firmly compacted against
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the rotor wall. In a few cases water was removed [rom the rotor
with picees of filter paper until no more free water nppeared wlhen the
centriluge was run several minutes at 150,000 gravity, The sample
was then run for 20 1o 30 minutes at 300,000 gravity. 10 the moisture
contents ol replieate snnples sgreed and were consistent with tliose
obtained for other samples of the profile, the results were assumed
to be correct.

Centrifuges of this type are inexpensive and ensily built. They
have no bearings and consequently are not heated by bearing lrietion.
Nor are the rotors licated by air friction, beenuse they are bathed in
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expanding jets of air.  The sample is held at a nenrly constant teni-
perature of perhaps 5° to 10° below that of the roem.

RESULTS

The relation of muisture content to the centrifugal foree applied is
shown in figure 3 for the B horizon of the Vernon fine sandy loam.
The data for figure 3, 4, were obtained by centrifuging 1.25-¢ samples
in the Lehedell-type electric motor-driven centrifuge; the data for
B were obtained with 4-g samples it the Beams-type air-driven centri-
fuge. In both cases the samples were about & mm thick. The
moisture content at 300,000 gravily was 7.8 pereent, a value some-
what higher than the value Tor water-vapor absorption at 99 percent
relative humidity, which was 6.4 pereent.  The moisture equivalent,
7.7 pereent, was reached at about 2,500 gravity with the air-driven
centrifuge and at 1,700 gravity with the motor-driven one, the latter
providing the better drainage at slow speeds.  The permanent wilting
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percentage, which was not determined for this soll but computed
from the Briges and Shantz equation (8), is 9.6 percent. To obtain
this moisture content, the sample would have to be run in the air-
driven cenirifuge nt about 85,000 gravity,

These data do not support Lebedeft’s conclusion that at 18,000
gravity all capillary water iz removed from soils. The change in
curvalure of graph A is not great 2t forces above 18,000 gravity, hut
neither graph indieates that the Hmit of water renoval by centrifugnl
force has been reached. The shapes of curves sueh as these depend
wpon the tvpe of centeiluge, depth of sample, and procedures employed,
as well as upon the soil sumple tselt,

Duta on the centrifugal moisture of some soil materials are given in
the tabulation below. These determinations were made with o rofor
of T-nch inside diameter, run 26 330,000 gravily.  All except the peat
were 2-g saniples, and (heiv depth was about 2 mm. The dried peat,
ground 1o pass a 2-mm sieve, was as laree o sample as could be used.
Its weight was 0. 9 g, and s moisture equivaient was 169 percent,
The material wns obtained from the surface layver of a sawgrass peat
profile at Belle Glade, Fla, The prohle descriplion is given by
Feustel and Byers (/2). The three soil colloid anmples were extracted
froin the Ay, Ay, and A, borizons of the C'olumbiana elay, an aluminous
flatertte from Costa Rica. A profile desceription and other data per-
talning to this soil are given by Byers, Alexander, and Holmes (1),
The water-vapor-absorption values of the three samples 1t 99 pereent
relative humidily were 27,4, 20,3, an ! 30, 2 pereent, respectively.,

Ceafrif-
gl

Samples: ;::;::J::‘N

Now doeatd (025 G010 mmi . - 1. 52
Now & eund (0, 160, 05 00 i 5
Silk ) 05 00 005 i LG
Cuarrts Bon, silt size, 1,2
Luarz flonr, niived sias, . 3.8
Treal (suwprass) __ 5. 4
Roil colloid no, 9861 . B4
Buil colloid no. 9806 3
Soil colloid uo. 9504 . 3.7

The sands aad gilts, were romposites of soll sepurales oblatned in
the course of rouline moechunienl analysis.  The silt was coarse, the
Huer portion huving been removed with the elav.  ‘This material had
heen treated with hydrogen peroxide in order to oxidize the organie
mutter, and then shaken in a 0. 08 N sodivm oxalate solution to re-
move colloid contings,

The ground quarts consisled almost entirely of particles of silt and
clay sizes.  The moisture equivalent of the mixture was 26 percent;
that of the silt fraction, 25 percent.  The ereat differences helween
the quantity of water held at 1,000 and 300,000 gravity most likely
were due to the parvticle-size distribution, The particle-size distribu-
tion of this sample produced many voids which beld water against a
fp:l'(‘i: of 1,000 gravity but which drained in the ligher centrifugal
Held.

TANN "= T —2
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Tasue L.—Cenlrifugal wotsiure of soils and other rclated data
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Tants 1. —Crrlrifagul moisture of soils and other refafed doda-—Continnsd
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Table 1 presents the results of centrifugnl-moisture determing tions
and other pertinent data of profile ssunples (aken fron the soils of the
erosion experimoent stations.  The soil profiles have been doscribed
by Middieton, Shater, and Byers (23, 24).  The moisture equivalents
are taken from their data, and the silt and clay percentages were com-
puted from their mechanical-analysis data.  Throughout this bulletin
the material below 24 in diameter is designated »ns clay, and the
material hetween 2p and 504 In dinmetor as silt. The contrifugal-
moisture determinations were made with rotors 1. 25 inches in inside
dinmeter at 300,000 gravity.

From the data presented in the tabulation on puue T i is apparent
that in the ease of the soils of table 1 only a small portion of the
centrfugal moisture is held in narrow contact angles between the
mineral graing and in uterstices with fine capillary openings,
the grester part is held in some manner by the collokd fraction, the
centrifuged moisture may be expected to show some relationship to
the content of fine materinl in the soil and to other soil moisture
constants which are related to soil texture.

It many be noted from {able 1 that the ratio of cenlrifugal moisture
to clay content is high in the sandy surface layers. This is due in
part at least to the faet that the clay contont was determined upon
samples from which the orgnnie matter had been removed, whereas
the centrifugal moisture was determined upon ull the soil material
whieh passed through a sieve with 2-mm round holes. If the per-
centage of organie matter in the surface layer is added to the clay
conttent, then the ratios fall in line with the values for the lower
tayers. The average value of the centrifugal moisture-clay ratio is
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0.36, with un avernge devinlion of 11 percent. I the organie mat (er
is included in the elay, the ratio becomes 035, with un average devin-
tion of 10 pereent,  The ratio of cloy to water-vapor absorption is
0.31, with an average devintion of 1L pereent. 11 these samples ave
typical of soils in general, then the eentrifuga]l moisture furnishes as
relinble a measure of the elay content s does the delermination of
water-vapor ahsorplion at 99 pereent relative humidily,

Figure 4, which 1s a seatter dingram of the centrifugal moisluee
plotted ngainst woler-vapor absorpiion at 99 pereent relative humid-

18

6 PET—
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WATER-VAPCR ABSORPTION {PERCENT}
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2" 4 [ E (s} | 4 [ To
GCENTRIFUGAL MOSTURE {PERGENT)

Frova A= Seanter diperion shew ong e relative of condeifugul anotstoee 1o 1w wiler-vapor absorption
al B pereent eelid bee boodeity,

ity, shows that the Tormer has o slichtly bigher average value.  The
dingonal straight line is the locus of all points of equal values of the
two eonstants. Below this line the centrilugal moisture is higher
ithan the water-vapor absorption. In the two instances in which
the centrifugal moisture is less than the water-vapor absorption, the
results are not necessarily in error.  The capillary tension computed
on the pF seale of Scholield (27) is 5.1 for the centrifugal mosture
and only 4.15 for the water-vapor absorption.  The reason why all
the centrifugal-moisture resulis nre not lower will be discussed later.
The average value of the ratio is 1.19, with an average devintion of
8 percent.
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TanLe 2.—The silica-sesquiogide refios und the condrifugul moisture-waler-vapor
tehsor plion vatios for Lhe soil-prafile scwmples
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b Proflle nverages.

In tuble 2 are given the profile averages, omitling the sandy surfuee
layers, of the ratios of centrifugal molsture to water-vapor absorp-
tion at 99 percent relative hunidity, srranged in deereasing order of
the average silien-sesquioxide ratios of the extracted colloids. The
moisture rtio for the Columbinnn is not steictly comparable beeause
the contrifugal moisture was determined on a layver only 2 mm thick,
run in a rofor 1 inch in inside dinmeter at 330,000 gravity,  In other
instanees, samples 4 mm thick run ab 300,000 gravity gave a fow
tenths of a percent lower moisture content,  The moistare ratio for
the colloid should no doubt be lower, but its exact value is unimportans
here,  Thig mdio serves o divide the solis into two groups, 1In one
group, having raties between 1.22 and 1.33, are the seils with the
higher silica-sesquiexide ratios.  1n the other group the soils ave all
lateritie, except the Muskingum, 16 has a Jower silica-sesquioxicle
ratia, lower pli value, lower exchangeable-base contont, and lower
exchange-base eapacity than any of the soils of the other set, whieh
helong to the Gray-Brown Podzolie, Peairie, Rendzing, and Clier-
nozenm groups.  The ratio of moisture equivalent to water-vapor
absorpiion is nlso lowest in the lateritie soils,  One possible explana-
tion of this group separation is that the most lateritic profile lnyers
do not dellocculnte so rendily as those of the other soils and conse-
quently deain hetter in the centrifuge. The division of nese soils
nto lwo groups, based upon the rutio of centrifugal moisture to
water-vapor absorption, mny not be significant, but it seems quile
iikely to bo a physieal confirmation of the fnet that wide chemienl
differences exist hetween the colloids of the two groups.

RELATION OF CENTRIFUGAL MOISTURE TO MOISTULRE BGLUIYALENT AND PERMANENT
WILTING PERCENTAGE

Beeause of the inferest of agronomists in the relntionships of the
permanent wilting percentnges (p. w. p.) to moisture equivalent
{m. ¢.}, a brief examination o! the relation of these constants to cen-
trifugal moisture (c. in.) will be made.  Briges and Shants (8) found
that within rather narrow limits p. w. p.fun e.=0.543, the reciprocal
of 1.84. Thomas (3/) obtained an average value of 0.42 for three
samples. Work and Lewis (85 made 49 determinations of the
permanent wilting percentage and of the moisture equivalent of 5
hoavy clay adobe soil.  The ratio p. w. p.fin. e. ranged between the
limits 0.382 and 0L.521. The average value was 0.453. Feustel and
Byers (18} determined this ratio for three samples of peat und for
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mixtures of the peats with a clay loam, & loamy fine sand, and a pure
quartz sapd. The ratios ranged from 0.32 to 0.79, with an avernge
of 0.473. Yeibmeyer and Hendrickson (34) found that for over 100
soils for which they had made the determinations, the value of p. w, p/
m. e. ranged from 0.262 to 0.719,

Irom these investigations it is elear that the permanent wilting
percentage bears no definite relation to the moisture equivalent, an
from the dato of table 1 it muy he inferred that no definite ratio is to
be expeeted.  The top and bottom layers of the Clinton profile furnish
an illustration of the fact that from the moisture content of n soil at,
one capillary tension one eannot predict what the moisture content
will be at another tension. The surface layer of the Clinton las 19,1
percent of mnterial below 5u in dinmeter. The hottom lnyer has
23.2 pereent of such materinl—only a slightly greater amount. The
remaining material is mostly sand in the lower laver and almost
entirely silt in the upper one. The particle-size distribution of the
silty surface layer produced o structure whose pore spaces held 23.9
percent of water nt 1,000 gravity, wherens the larger vouds of the sandy
clay layver beneath held slightly more than half as much moisture
under the snme conditions. At 300,000 gravity the moisture ratio
is very dilferent.  Idere the moisture content is controlled to a groater
clegree by the elay content, which is nearly twice as high in the sandy
layer as in the silty one. The ratio e, m./m. e, is 0,23 in the surface
layer and 0.56 in the lowest one. For the silt-sized ground quartz
the ratio is .05, There is a high correlation between the e. m./m. e.
rntio and the clay content of the soils of table 1. This corvelation
may be due in part to differences in the packing of the samples in the
two centrifuges.

An ideal case, sugwestive of possible variations in moisture content
at the two centrifugal Jerces, is that of antideal soil consisting of uniform
spheres 424 in diameter arranged in closest packing. 1f the ordinary
Inws of eapillarity are assumed and the ndsorbed ‘surface films neg-
lected, the voids 1n this ease once filled would remain full of water in
a lield of 1,000 gravity, At 300,000 gravity the water rings about
the points of contaet of the spheres would become so smnll that they
would occupy only 0.02 pereent of the total volume of the voids,

During centrifuging, the meisture content of the soil sample in
contact with the rotor wall may be high, perbaps appronching satu-
ration. The negative moisture gradient directed townrd the inner
surfoceis such that at equilibrium the capillary tension is just balanced
by the centrifugal field. The centrifugal force upon the smter of the
sample spinning in the smali nir-diiven rotors at 2,315 revolutions per
second is 5.1 on the Schofield pI® scale (27), assuming no potential
exists at the outer boundary.  According to Schofield, o soil under
this high capillary tension should be in thermodynamie equilibrium
with an atmosphiere at 92 percentof saturntion.  Consequently it might
be assumed that the centrifugal moistures should be considerably lower
than the water-vapor absorptions given in table 1. In water-vapor
absorption determinations the atmosphere is maintained at o relative
humidity of 99 percent, which corresponds to a pF of only 4.15.

The apparent reasons why the centrifuge usuaily yielded higher
soil moistures than the water-vapor absorption are that the former is
 drying process, the Jatter is o wetting process, and none of the results
obtained were equilibrium values. The water-vapor absorption is
determined in tlis laboratory by exposing a dry soil sample, held at
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constant temperature, to an atmosphere of 99 percent relative humid-
ity for 5 d‘l)S This interval of time is suflicient for the absorption
of water vapor to become relatively slow, but not complete. In
only 20 minutes, centrifugation can do no more than reduce the

capillary raovement of waker to & relatively low walue, and the time
is too short for any appreciable movement of water in the vapor
phase. These {wo moisture constants are near the upper limit of the
bhygroscopic meisture range, in which the capillary movement of water
is veryslow. The movement of soil water in cither the liquid or vapor
phase and in any moisture range becomnes very slow as equilibrium
is apyproached. The ther |J10dynfumc equations from which the p¥
values are computed assume true and reversible equilibrivm condi-
tions. Rquilibrium conditions of soil moisture probably are never
realized, as sucl experinients ns those of Veilmeyer (325 or of Shreve
and Turnage (29) indicate.

Estimates of the capillary tension of the soil at the permanent
wilting percentage range from about 4 to 25 atmospheres.  Veihmeyor
and Hendrickson (84), whe have made a thorough study of the wilting
of plants, found evidence of permanent wilting when plantroots
were pub inte solutions having osmotic pressures of about 16 to 20
:‘iimnsplmres. These tensions on the pk seale range from 4.22 fo
4.32, values only slightly greater than the water-vapor absorption
at 99 pereont relative humidity. Beecause the latter is 2 wetting
process and the former Is o drying one, the soll may be expected to
have the bigher moisture content a6 the permanens wﬂtmw percentage.
Suflicient uuauimes of these samples werse not available for wﬂtmg-
point dotemun‘itlom, and so the relation of centrifugal moistare to
the permanent willing percentage is not definitely known. But
from’ the known relations of each of the two moisture constants to the
moisture equivalent, it is apparent that the centrifugal moisture
volue is considerably lower than the permanent wilting percentage.

Pue to colwmn-end and packing effects, the moisture content of a
soil at permanent wilting will certainly be lower shan that of the same
soll centrifuged ot the sume capidlary tension.  After the water has
ceased to drain from a pereolating soil column there should exist
within 1t a zone whose beight and moisture content do not differ
greatly from those which would obtain in the same soil after a ca pillary
rise from o free waler surfuce.  The sample in the moisture-equiva-
lent centrifuge is virtually a percolating seil column.  In thesmall
high-speed rotors the eclumnn is short, “about 4 mm, and the soil is
Imcl\orl against a hard filter band or the smooth wall of the rotor, which
hg o.nly a fow smoll drainage holes covered with the filter band,
These conditions are favorable to the retention of water and account
in part for the fact that samples ton in these rotors at 1,000 gravity
haye a moisture content somewhat higher than the meisture equivalent,

The small high-speed rotor produces o smaller volume of voids
than does the mosture-equivalent centrifuge. The pressure per
unit of surface area of the sample against the container wall at 300,000
eravity is of the order of 100 times that which occurs in standard
moisture-equivalent determinations. The initial high fluidity of
mosb samples is also favorable to close packing, which enables the
soil to retsin more capllary water at high caplllm 'y tensions than
might be expected {rom centrifugation at 1,0(}0 gravity.

In determinations of permanent wilting percentages the soils are
drained by an internal absorbing system that is not subject to column-
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end and packing cffects. If the centrifuge were to be used success-
fully as an instrument for the indirect determination of permanent
wilfing percentages, it scems cortain (hat higher tensions would be
required than are new developed in moisturc-equivalent determina-
tions. 1 the centrifugal force were inercased the soil packing would
be increased also.  This packing would not interfere with the aecuruey
and reliability of the method if it had refatively the samelinfluence
upon all soils. ¥t seems unlikely that the packing efleet weold he
a constant factor, but the variations might not be so large for forces
of the order of 10 ta 20 atmospheres ns to intreduce probibitively
large errors in the determinations. ¥rom the data obtained in this
investigation it seems likely that the most nearly constant ratio
hetween centrifugal moistare and permanent wilting percenlage
would be obtuined from the operation at several thousand gravity
ol a centrifuge which, at 1,000 gravity, would yield a soil-inoisture
content equal to or less than the mesture equivalent,  This Intter
condition ean be satistied by the use of a sanple box providing as
free drainage as possible for a soil snmple the depth of which is equal
to or greater then the depth of the sample employed b moisitires
cquivalent: deferminufions,

NORMAL MOISTURE CAPACITY

The term “normal moisture eapaeity” was eoined by Shaw (28) to
destgnate the “minimum amount of water that is retained by absorp-
tion and film forees when the water is Tree o move downward through
2 mass of uniform soil.”  The procedure emploved in this investign-
tion was somewhat similar to the one used by Shaw, and for this rea-
son, the name is refained, In this work the term “normal moisture
capacity” is applied to the moisture content of a we soil in contact
with a dry layer after the movement ol capillary water becomes very
slow. In these experinients the wet kyer initially had some gravi-
tational water and the dry layer only hygroscopic motsture.  The
purpose of the investigation was to ascertain, il possible, what refa-
tion this moisture constant hears to the field capaci{y und to other
physical and chemiral characteristies of the soils under nvestigation.

PROCEDIUTRE

The following procedure for the determination of the normal mois-
ture eapacity wus emploved. The saaple was prepared by passing
the goil material through a 2-mun round-hole sieve and then by further
breaking apart the ageregates to pass a similar T-mm sieve. The
sample, while being stirred and turned with o spatula, was moistened
with & fine spray from an atomizer until the material just ceased to
be dusiy. This degree of granulation appeared to be helpful in pre-
venting segregation of the {ine from the coarse particles during the
filling of the soil tubes. The tubes, of pyrex glass, were 2 mchies in
inside diameter and 20 inches long. Hach was equipped with two
rubber stoppers having capillary openings, which served the purposes
of equalizing the air pressure and preventing the loss of soil water by
cvaporation, The tubes were filled with the prepared soil material
and packed with o rotary compactor to a depth of 18 inches. The
apparent volume, inilial moisture content, and weight of the seil
matetinl in each tube were recorded in order to compute the volume
weight.
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In wetting the soil column by the addition of distilled water drop by
drop from a burette or through a capilinry tube, an attempt was made
to control the raie of flow so that the soil column was not flooded at
any time. The soil surface was covered with o fine sereen to prevent
puddling, The desired quantity of water, which required from per-
haps 2 hours to as long as 5 days for 1ts reception, was such as would
web the soil eolumn to a depth of about 15 inches within a week after
its addition. As soon as the addition of water ceased, the soil tubes
were stoppered, placed in an upright posttion in a lightproof wooden
box, and then stored In the lazboratory,

In these experimenis two tubes were filled with each soll.  One was
stored with the dry end at the bottom so that the eapillary movemoent
was downward. The other tube was reversed so that the capillary
movement was upward.,  After standing for 7 days the cnure soil
colutnn was sampled in I-inch sections with a core sumpler made
of a thin metal tube of one-hall inch inside diameter. These core
samples were dried evernight, and the moistore contents determined.

RESULTS

The moisture distsibution and initial molsture content of the Pal-
ouse siit loam profile sumples are presented in table 3. In figure 5 the
moisture distribution 18 shown graplieally for four soit samples
ranging ia texture from a fine sandy loam to a heavy clay. These
data, which are typical; show that in each soil column there 1s only o
slight decrease in moisture content from 1 or 2 inches below the sur-
face down to within a few inches of the deyv laver.  In the lower por-
tion of the moistened seetion there is a rapidly decrensing molisture
content as the div larer is approached.  The data of Shaw (28) show
even better the same charncteristic moisture distribution.  The more
nearly perfeet uniformity of moisture contentin Shaw’'s samples may
be duce 't the differences in method of packing or sampling, In the size
and length of the soil columng, in the time allowed for moisture dis-
{ribution, or in the more favorable Llexture of his sample.

Tanui 3—DXMoisture distribdion resulling fram downwerd and upward cqpillary
movement af water in semples of Palowse sttt loam
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The surface inch or two usually has a slightly higher moisture con-
tent than the muterial below. This is probably due to the looding
of cuvities at or near moisture snturation, whieh do nob drain later
under cupillary tension. 1t Is for the same veason thut soils that
have been flooded by irrigntion often have a higher motsture contont
near the surface than soils that have heen watered by a slowsteady
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FIGURE 3.~—Tho moisiure sl normal molstiare capucity for four sail Bvers.

min. In a few of these samples, and presumably in all of Shaw’s,
water stood upon the surface at some time during wetting.

In these experiments the soil columps were not sllowed o stand
long enough for capillary movement of water to cease. After stand-

ing 3 or 4 days the line of color change, which marked the position of
d not move more than 2 or 3 mm per

the capillary moisture front, di

day. In some sandy soils the line of color change hecame Indistinct
after a few days a-ng sppeared to move forward more slowly than it
did in the finer textured soils. Alway and MeDole (1), working
with similar soil tubes moistened at one end, found that at the end

4] 5 jied



http:FIGl'.RE
http:cnpilln.ry
http:pl'Ohn.hl

MOISTURE RELATIONS OF EROSION STATION SOILS 17

of 5 days “equilibrium had been practically attained in the silt lonms,
but in the coarser textured soils this was far from true.” Shaw (28)
found that water continted to move downwurd in a soil eolumn
throughout the 123 days it was allowed to stand. 1n this investign-
tion one soil colunin of the surface layer of the Colby, allowed to
stand for 345 days, had a meoisture content of 24.6 percent at the
upper end and 22.1 percent at the lower end, which had been initially
dry. The normal moisture capacily of this sample was 29.9 percent,
This soil sample was much nearer moisture equilibrium than were
those of Shreve and Turnage (29} which, at lower moisture contents,
were exposed for 2 years to much greater temperature varintions,

The moisture content of the soil at the dry end of the column
always slightly exceeded the initial moisture content even when the
capillary front was several inches from the dry end of the tube. This
water movement took place, quite certainly, in the vapor phase. It
was to avold excessive water-vapor movement that the soit columns
were sampled after standing only 7 davs. In deterninations of the
field capacity, samples usually are taken from 1 to 5 days after o
rain or brigation. Since no attempt was made to add identical
quantities of water to each pair of soil tubes, the moisture tapers
ustally oceurred at different depths. The taper ends abruptly at
the line of color change, an abruptness not well shown by the data,
heeause the color change occurs at varving positions within the 1-inch
sample cores.  The upward movement of capillary water against the
carth’s gravitational field was slower and the meisture content of
the wetted portion of the soil column was greater than when the
water moved downward. 1n sandy layers the differences in water
content in the two cases usually were large,

In order to secure a numerical value for the normal moisture
capacity, the average moisture content of the necarly uniformly
wetted portion of the soil column was taken. In obilaining this
average, the moisture value for the first inch of soil, usually the
wetlest, was rejected.  The mwoisture value for the second inch was
also omitted il it exceeded that of sny subsequent section. The
data of all subsequent 1-inch sections were included until one was
reached whose moisture content was less than 90 percent of the
average of the preceding sections.  For example, the normal moisture
capacity of sample 8069, table 3, is the average moisture content of
the soil column from the second to the twelfth inch inclusive. This
most uniformly wetted portion of the soil column was usually between
8 and 12 inches long, [t might have been advantageous to use soil
columns longer than 18 inches, but longer ones could not have been
packed with the rotary compactor available. Whe ther the diameter
of the tubes had an effect upon the moisture uniformity or moisture
content of the soil column was not investigated.

The normal meisture capacity, determined as outlined above,
together with other physical data, are presented in table 4. The
data on specific gravity and moisture equivalent were taken from
the work of Middleton, Slater, and Byers (23, 24). The samples
upon which the specific gravities were determined are not the same
as those used in the other determinations, although both sets of
samples were taken from approximately the same locations. This
may cause some error in the computed relative volumes of air, water,
a.ncfr soil material given in the last three columns of the table.
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TansLe 4.—The normal maeisiure capucily and reloted dala of the soils from (he
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I Not determined.
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Tantk 4—The normal moisture capacity and relaled daln of fhe soils from the
erosion cxperiment stations—Continued
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Seatter dingrnms of the vohwmie of soil material, water, and air
plotted in tuwrn against the sand, silt, and clay content, revealed few
single correlations.  There is no significant correlation between the
wir valume and the st or clay content. s would be anticipated,
the relative valume of the soll material deereased with increasing clay
content. The correlafion coeflicient was —$.63.  However, there
is no signilicant eorcelution between the volume of soil material and
the sand or silt content.  The largest relative volume of water cecurs
in clay soils, the cormelation being 0.79. There is no significant
relationship between the perceniage of water by volume and the
percentage of silt, but the correlation hetween water volume and sand
content 18 —0.56.  Thie Shelby profile has & very low alr volume nb
normal moisture capncity, The residusls of table 7 indicate that
the normal moisture capncities of the Shelby profile layers are higher
than should be cxpeeled in soil samples of these textures,

The ficld volume welghts published elsewhere (24) range from 1.03
to 1.91, whereas the laboratory volume weights of the sanmiples upon
which normal moisture capacities were determined range from 1.12
to 1.56. The single eocflicient of correlation between the laboratory
volume weight and the ¢lny content is —0.71, indicating that there
is in general an increase in void space in heavy textured soils.  How-
ever, for the field volume weight the same coeflicient is only —0.37,
showipg that the clay content is not the controliing factor in the
apparent densities of soils under natural conditions ol field packing.
The Inboratory volume weights on the average are 16 percent lower
than the field volume weights, but the ratios between them are guite
variable. There is a much closer ngreeinent between the volume
weights at moisture equivalent (from unpublished data of Middle-
ton) and the laboratory volume weights than there is between either
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of these wvalues und the field volume weights. The field volume

weights were determined upon the entire soll material in place, but

the other determinations were made upon the soil material which

passed a 2-tun sieve. In most of the samples there was little or no

material larger than that limit.

RELATION OF NORMAL MOISTURE CAPACITY TO MOISTURE EQUIVALENT AND TO
FIELD CAPACITY

The relation of normal moisture capacity to other soll-moisture
constants will be discussed in & subsequent section, However, it is
desiralle 10 present here some relationships between normal meisture
capacity, moisture equivaient, and field capacity. The field capacity,
which 1s the moisture content of a séil determined usually from 1 to
5 drys after a rain or an application of irrigation water, is now of
interest in subhwimid aveas in connection with soli-erosion problems.
Nearly all the published data on field capacity were obtained in
subhumid regions where there is usually a dry layver below the wetted
portion of the soil. In these instances the moisture conditions are
comparable to those required {or thoe determinations ol normal mois-
ture eapacity.

Isracisen {J7) states: “Tt is highly desirable to establish if possible
a relation between some of the miore generally used soil constants
and the maximum field capacity of the soil.”  lle pncked tubes with
soil materials, santurated them with water, and then allowed them to
drain for 24 to 46 hours, For 12 soils so ireated the ratio between
moisture content and field capaeity ranged from 1.32 to 2.30. This
high ratio is due to differences in structure and in eapillary tensions
between the soils in the fiekl and in the lsboratory. The tensions
that existed In the soil tubes are comparable to those which exist in
the field when the waier tabie is near the swloce.

Mathews (27) found that for cortain solis of the Great Plains the
field capacity is siightly less thun the moisture equivalent.  Burr and
Russel (9) give the liekl capacity and moisture equivalent of 25 sam-
Pes frem Le\tumﬂy uniform silt loam soil profiles from central
Nebeaska.,  The avernge 1. c.fm. e. ratio computed from their data
is 0.91, with an avernge deviailon of only 0.5 percent. Vethmeyer
and Hendrickson (33) determined the same ratio, which they termed
the “relative wetness” for 19 California soils. The mean value was
1.06, with a mean devinlion of 8 percent. The relative wetness was
greatest for the sandy soils. Work and Lewis (35) obtained & mean
value of the . c.fm. ¢, ratio of 0.82 for a soil so fine in texture that
moisture-cquivalent determinations were difficult to muke. Harding
{15) found a decrease for the rutio {rom about 1.5 for snndy soils with
a meisture cquivalent of 5 percent fo about 0.75 for soils with & mois-
ture equivalent of 30 percent. In Harding's experiments the moisture-

equivalent determinations were not made upon the samples used to
determine the field capacitics.

Some of the variations In these ratios may be due to the field-
moisture sampling, If the samples were taken while capillary.move-
ment was still relatively rapid the moisture determinations would
be too high. Sandy smP; permit the most rapid movement of gravi-
tational water but apparently the slowest movement of caplnary
water except ab low capillary tensions,

Field-capacity determinations are not availsble for the scils used
in these investigations so that a direct comparison of moisture equi-
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valent and field enparily is not possible. In table 4 ure given the
ratios of normgl moisture capacity to moisture equivalent. Figure
6 is a seatior diagram of the ratio n. m. e.fni. e. plotted ngainst the
mwoisture eqaivalent, the latter being used as an index of fexture,
The figure shows no significant effect of texture upon the n. m. e.fm. e.
ratio except that it is high in sandy soils, The avernge value of the
ratio is 1,02, with an average devistion of 12 percent. By omitling
eight sandy layers from the average the ratic becomes 0.96, with an
averare devintion of 8 percent,

Although directly comparable data of normal moisture cepacity
and [icld capacity are lacking, the similarity of vilues of n. m. ¢./m. e,
and {. ¢./m. e, leads one to believe that the nornuwl moisture capacity,
as determined in this investigation, is o betier measure of ficld eapa-
city than is the moisture equivalent.  Obviously it is a better index
than moisture equivalent in sandy soils.  The structure and packing
may not be the saine in the soil eolumns as in the field, but the capil-
lary tensions and houndary conditions are essentially the same when
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the field eapacily is determined with the sampled layer in contact
with a dry one beneath,

Table 3 and fizure 5 illustrate the familiar but remarkable soil-
moisture phenomenon upon which the practice of fallowing is hased.
Whoen water enters the soil surfnce 1t moves down into the dry soil as
rapidly as the pore-size distribution will permit, When the gravi-
tational waler 15 exhausted and the water meniscuses at the soil
surface develop tenstons of the order of one-half to one atmosphere,
the downward movement of capillary water becomes very slow. After
8 few inches of the surface layer dry, the upward eapillary movement
of water beeomes very slow, and water remains in the soil available
for plant vse.

THE STICKY POINT

Atterberg (4) employed the sticky poin, or iKlebegrenze, as a soil-
moisture constant to separate the plaslie consistence of soils into two
parts constituting the sticky and nonsticky ranges. Hardy (/6)
regarded the sticky point as the condition of maximum plasticity and
zccepted the onset of stickiness as murking the saturation stage of the
colloid cormponent of clay and soils. Atterberg defined the sticky
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point as the moisture content of a drying c¢lay paste when it just fails
to stick to a nickel spatuls drawn across the surface.  Hardy’s crite-
rion was the failure of the drying soil mnss o adhere to the fingers.

Russel and Wehr (26), approaching the sticky point from the dry
side, chese as the end point the stage at which a nickel spatula, pressed
firmly agninst o freshly exposed soil surface and drawn quickly neross
it, distinctly did not seour. By quickly they meant, apparently,
specds approaching that ordinartly attained by tillage instruments.
With decreasing spatula speeds, the samples required higher moisture
contents to eause sticking.,  They ealled. the limiting condition at &
very slow spatula speed the statie scouring point.  For o saniple of
Housten hisek clay from Texas the moisture content at the higher
scouring point was 39.7 percent above the lower one,

Keen and Coutts (/9) employed s sminll doughemixing machine for
sticky-point deternunations. A perceplible elean-up of the sides
and hase of the mnchine was observed when the wet soil miass dried
to the sticky point. The machine was seon 1-jected becnuse it re-
quired too large soil samples und was too inconvenient to clean,  The
procedure Keen and Coutts {inally employed was to mix & wetled 10-g
soil snmple on n glass plate with o spatuls, and then to knead the
sample by hand unfil the soil no longer stuek to the hands or (o a
spatuln deawn tloough it Charlton (173, who used the same tech-
nique, emphasized the necessity of approaching tho end point from
the wet side only.  Bodman wnd Perry (6) chose as the end point the
condition when the kneaded soil, pressed against the thunib, no longer
stuck to it,  They attempted to apply the same pressure af eaeh tost.
Prescott and Poole (25) state that the Keen and Coults spatula. foest
is the only satisfaclory eriterion for {he heiviest clays., For less
plastie soils they found “ihe best guide is the ability fo handle the
(soil} blocks with gentle squeezing or pressing on the pahin of the hand
with little or no adberence to the skin,”  They used another teeh-
nique applieable to sandy soils which are nonplastic and are com-
monly regarded us nonstcky.

Whatever sticky-point teehnigue was used, most. operators repart
that they were nble w0 obtain satisfactory replication of their own
restlls without difliculty, amd, in some cases, that others instructed
by them in the technique were able to secure satisfactory chocks.
However, in a conperniive projeet undertaken by commission 1 of (he
International Society of Soil Svience and reported by Keen (18), it
wias found that workers employing the technique deseribed by Keen
and Coutts but not instructed personally by them obtained widely
varying values for the sticky poimnts of subsamples of the same soils.
Keen recommended that attempts be made to modify the technique
to o form thut will permit its use a8 an accurate routine method.

In preliminary tests of the slicky point of the soils of the erosion
experiment stations, no sharply marked end point was found with
any of the published procedures. Often it was diflicult to decide
from the appearance of the hand or the spatula whether the soil
should be classed as above, below, or at the sticky point. Some
Interitic clays Jeft red stains on clean dry skin surfaces at moisture
contents below the lower plastic limit of Atterberg. Inmostinstances,
as the moisture content ol the kneaded soil mass was increased, the
soil film left on the hand gradually increased in thickness until finally
the adhesion to the hand was sufficient for the rupture to take place
well within the soil mass. When the sample was squeezed between
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the thumb and fingers or pressed against the baek of the hand or
ngainst & glass plate, it was necessary 1o decide whether one shoull
employ uniform pressure, as Bodman and Perry had done, or uniform
deformation; and in either case, how grent the pressure or deforma-
tion should be. In some procedures it wns necessary to decide
whether, after kneading the sample, the hand should be cleaned and
driedd before making the test.  Some soil pastes at certain moisture
contents would stick to the hand or spatula but not to both. In
some instances the soil would stick 1o a stainless-steel spatula which
cut it, but not 1o the flat side of the spatula drawn over the soil sur-
face. It was found that raising the cutlting speed always lowered the
point of stickiness. By varying the procedure the sticky point of
some soils could be shifted over nearly the whole of the Atterberg
plastic runge.  The plastic charaeteristics of soma Interitic soils were
so different tom those of soils with high silien-sesquioxide ratios that
{he criteria of stickiness that gave good reproducibility with the one
clnss often were quite unsatisfactory for the other class.
METHODS

The only hope of oblaining a saiisfactory technique appeared to lie
in some Torm of mechanization.  The first device tricd was g smooth
steel rotating disk with n sharpened edge connected through reducing
aears to a variable-speed motor.  The soil paste could be held against
the face or edge of the disl, which could be raiated at any desired
specd. The action wag not greatly ditferent from that of the spatila
exeeph that the movement was continuous arl the speed was known
and uniform.

This apparaius did not prove Lo be so satislactory as nsimple device
similar 1o the one illustrated in fizure 7. It consisted of a polished
steolroller hovizontally held in plain brass bearings.  The soil maderial,
placed on the movable plate, was fed under the roller.  The clearance
between plate and roller was alout 4 mm.  The roller, about 20 cm
long and exnctly 5 e in cirewmferenee, hd a short erank attached
toit.  The roller was made of drill-rod steel, but, ne doubt, stainless
steel would have been preferable.  The bearings were separated far
enoueh for o hrass piate about 10 em wide and 15 em long to slide
between them,  Fhe entire apparatus was made in about 3 howrs [rom
serap materials pleked up in the Inhoratory shop.

The procedure employed with the roller was as follows: A 15- to
20-1r so0il sample, which had passed throngh o steve with 2-mm round
holes, was moistened with distilled water and theroughty puddled by
kneading with the hands or, more often, by mixing with a spatuls,
upon the movable plate of the tester.  The sample upon the plate was
fedl against the roller, which was rotated in the direction that forced
the soil paste underneath it. The desired end point was attoined
when the soil barely failed to stick to the roller at n shearing speed
of 5 ¢m per sccond. A moisture sample was then taken.

RESULTS

Tahle 5 presents the results of preliminary sticky-point tests made
by scveral methods upon six eresion station samples and the Nipe
subsoil, a ferruginous laterite from Cuba. It was {ron these tests
and from the experience gained in securing these data that the selec-
tion of a sticky-point procedure for subsequent work was made. The
tesis were made by use of the roller, the rotating disk, the spatula,
Ly ndlliesion to a glass plate, and by adhesion to the hands, the latter
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by two criteria. The lower value was obtained by taking the point
at which the soil began to stick in appreciable quaniity to the dry
knuckle or back of the finger with a uniform deformation somewhat
less than that employed in the glass-plate test.  In the other finger
test, which was approached [vom onlv the dry side, the end point was
renched when the plastic soil mass first began to stick in considerable
quantity to the fingers used in I\nemlmsg it. The hands were not
cleaned and dried in this test. In the ainss-plate test, o 5- or 6-¢ soil
sample was molded into a cube, and then one corner was pressed
against a clean dry glass plate until the dingonal of the cube was
shortened about one-third its initial length, The end point was
reached when approximalely 5 to 10 mg of soil adhered to the plate.

Fraene 7.-Stheky-paind lester,

In e spatula test, an atlempt was made to draw o 4-inch stainiess-

steel spatula at o constant speed estimated to be about 5 cm per

second. '
TanLi 5.—Sticky poinfs of soils by different progidures
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Two determinations were made by each procedure on the same day,
but the duplicate tests were mnot amade consecutively. This was
done In order to deteet possible shifts in judgment of the end point.
A new sample was taken for each test from a larger stock sample which
previously had been prepared by moistening and thoroughly knead-
ing. The values given in table 5 are the averages of six determina-
tions, and it is upon the sets of six replicates that the coefficients of
variability were computed.

The six procedures may be divided into two groups. The glass-
plate and the finger tesls are based upon the adhesion of the soil to
& surface ngainst which it is pressed to produce a small deformation.
These may be regarded approximately as static tests and for brevity
will be designated as such.,  The other three tests, which are dynamic,
are based upon adhesion of soil to a smooth metal surface at a definite
rete of shear,  These may be regarded more appropriately, perhaps,
as scouring points,

All methods gave ahout the same results for a few soils, such as the
Nipe. 1t was necessary to knead this soil for 20 minutes or more
hefore suflicient defloceulation was obtained to secure the values given
n table 5. All samples of the Houston profile, of whicl. sample 8097
is nn example, gave higher sticky points by the static methods than
by the dynamic ones.  Sample 10362, from the surlace layer of the
Clinton, would not adhere to metal. It did not possess a true rolling-
out limit, or Ausrollgrenze, and consequently would be rated as non-
pleastic and nonsticky in the Atterberg soil-consistence classification.

Although the number of replications was not suflicient to yield
highly significant variability coeflicients, the averago value of the
coellicient for none of the procedures is excessively large. This may
bo due as much to the fortunate circumstance that the subjective
criteria of some of the end points did not shift during the few days
required to complete the determinations as to the eare in malking them.
In making these determinations, the end points were repeatedly
checked and, wherever possible, approached from both the wet side
and the dry,

In the selection of a sbandard sticky-point procedure the highoer
value finger test shoull eertainly be rejected, not only because it is
slow, inconveniont, and messy but also because it yields values clearly
nbove the minimum point of stickiness. The test was included here
to indicate the maximum value any operator reasonably can be ex-
pected to obtain by a procedure involving adhesion of soil material
to the hand. In the writer’s experience, the glass-plate test was the
most satis{actory of the static ones used and has the advantage of
employing a small sample. The brief deseription given of the pro-
cedure for the test is expressed in quantitative terms which are
believed to be sufficiently definite for other workers to follow. The
method, however, yiclds sticky points for soils that are nonplastic
nccording to the Atterberg classification.

For the soils roported in table 5 all procedures based upon shear
by metals gave closely comparable results with small variability
coeflicients, Of these procedures the rollsr method was by f{ar the
most satisfactory and was the one adopted for determining the
sticky points of all the soils under examination. By varying the
roller speed one ean readily learn whether the moisture content of
the sample is above or below the sticky point, and by the same means
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the sticky point ean ropeatodly and continuously be checked. During
the test the soil is being mixed constantly, and fresh surfoeces are
being exposed to the rollar. At the end point a shearing speed in
excess of 5 em per second canses the soil mass to wrap around and
follow the roller, and at slowoer than standard shenring speeds the
roller clears. With most soils there is a definite clean-up of the
roller at & definite speed, but in sonie cuses the change in roller appear-
anee is not so easily interpreted, and this may give rise to diflerences
in the results of different operntors. This situntion ususlly oceurs
with coarse sandy clays, with some Iateritic soils, or with seils on
the border line between sticky and nonstieky consistence. It does
not eccur so often with the roller as with tha spatula test, When a.
spatule is drawn througs o wet sundy soil ¢ thin film of elay often
is left upon the blade. This is not evidence of stickiness of the
sample a8 o whole and seldom oceurs in the roiler test,

Subsequont to the completion of the sticky-point deforminalions
reported in this Jovestigation, (. II. Cashen of tho Rothamsted
Txperimental Station kindly demonstrated to the writer his technique
for sticky points. Ile gently squeczed & kneaded mass of about
30 to 40 ¢ of plastic soil It the dry elean polm of the hand,  The eri-
terion of stickiness appeared {o be more the feel of o slight pull of
the soil upon the skin as the hand was opened than upon the adhesion
ol soil material to the palm,

A fow erosion station samples have sinee been checked by (his
method, as nearly as it could he recalled somie 3 months after the
hrief demonstiation upon one soil.  The end point ehosen was that
8t which the squeozed soil mass gnve o slight pull to the dry clean
paim as the hand was opened. The exact squeeze and pull eannot
he quantiintively expressed or aceurntely deseribod, bub the squeeze
was just sufliciont to give, in the operator’s judgment, a close contact
of the soil muss to the skin, and the pull was a litio greater than
the minimum perceptible one. No consideration was given to the
quantity of soil material adhering to the hand, This may be the
procedure ol Preseobt and Poole (25} in which the adherence was
slightly greater than their “little or no adherence to she skin”, and
wus judzed by feeling only.

From the fow determinations made by this procedure, it appeared
to be ns reproduecible ns any of the static tests, and the end points
appeared 10 bo more definite than with any othor static method
except the glass-plate test.  The results usually were 1 or 2 percont
iigher than those obtained by the roller method, but in tho case of
the Houston elay the values ran from 4 to 8 percent higher. In
commoen with other static tests, end points could be obtained for
some soils that could not be made to follow the roller.

Table 7 gives the sticky-point determinations of the profile samples
of the crosion stution soils by the roller test at shesring speeds of
both 5 and 10 ecm per sceond. The rolation of these data to other
phiysical and chemical soil properties will be discussed in & subsequent
soction. The data obtained at the slower shearing speed are to be
regarded as the sticky point.  The data st 10-cm-per-second shearing
spoed are presented only for comparison with the standard values.
The determinstions are tho averages of shree pairs of duplicates.
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The duplicates were not made consecutively. Any result regarded
as having an excessive devigtion from the aversge was rejected,
and the determination was repeated. No fixed standard for this
deviation was maintained becsuse the end points, for instance, of
the Colby were much more definite than those of the Clinten and
Muskingum. Texture considered, the Jeast plastic soils had the
highest moisture contents at the sticky point and she largest deviation
of replientes. Fourteen of the samples could nos be made to stick
to the roller atl definite moisture contents within the plastic range.

In this worlk the Atterberg principle that the sticky point and the
lower plastic limit are consistence forms of plastic soils only was
followed. Neither Prescott and Poole (25) nor, apparently, Keen
and Coutts (19) placed this Hmitation uwpon their determinations.
The latter reported sticky points for soils with less than 2 percent
of clay, end for sandy soils the fonmer used a special technigue based
upon water saturation of the sample snd in no way involving sampls
deformation or soil plasticity. 1n table 7 are presented lower plastic
limit data for four soils for which no sticky points are given. These
four soils are sbout at the border between plastic and nonplastic
consistence. The lower plastic lmit tests were sufliciently definite
to rate the soils as barely plastic. With persistence and care the
soils could be made to foliow the roller, but the moisture contents
were so high and so variable in replicates that the soils on this test
were rated as nohsticky and nonplastic. Upon the addition of sodium
bydroxide these four soils became plastic.

Some silty soils, low in clay, may be made to follow the roller at
high moisture contents and high roller speeds. Sticky points at
moisture contents corsiderably above the minimuin water of satura-
tion were regarded as false end points. Soils that are only slightly
plastic show large variations in replicate determinntions of the sticlky
point.  As compared with other moisture constants, snch as the
moisture equivalent and minimum water of saturation, the sticky
points are lowest in the most plastic soils.

Stiff pastes of most ol the lateritic soils examined lack the cobesive-
ness of pastes made from other soils and tend to break up into lumps
when fed against the roller or when a spatula is drawn through them
or over their surfaces. They are nonsticky at mueh higher clay
contents than are the soils of the other groups. TFrom the high clay
content one would expeet samples 9477 and 9479 of the Nacogdoches
profile to be highly plastic. They do become highly plastic when
treated with small quantities of sodinm hydroxide.

Table 6 illustrates the effects upon the sticky point of the addition
of sodium hydroxide to a few soil samples. Dilute solutions of sodium
hydroxide were added to the soil material until pH 7.0 or 8.1 was
reached or slightly exceeded. The lkneaded soil mass was kept over-
nightin a closed container. The next day the zddition of more sodium
hydroxide was required to bring the pH values to 7.0 or 8.1 again.
The sticky point and lower plastic limit were then determined. If
the duplicates checked well in these determinations no further rephi-
cation was made.
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TanLe 6.—Sticky point and lower plastic Hmil of soils treated with sedivm hydrozide
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In the last three columns of table 8 are given the exchangeable
banse content, exchange-base capacity of the extracted colloids, and
pH value of the untreated soils. The base-exchange capacities of
the Nacogdoches and Muskingum layers are so low that only about
3 milliequivalents of sodium per 100 g of dry soil were required to
bring the samples up to neutrality. The colloids of the other soils
were so pearly saturated that they, oo, required the addition of only
small quantities of sodium, The hydrogen-ion concentrations were
determined colorimetrically, employing bromthymol blue and cresol
red. The end-point colors were checked agninst buffer solutions.
The sticky points were determined by the roller method with shearing
speeds of 5 em per second, and the lower plastic limits were determined
hy the procedure given in a later section of this bulletin.

The nonplastic Muskingum profile samples are finer texturally than
some layers of the Shelby, which are guite plastic. The only untreated
sample of the Muskingum for which a sticky point could be obtained
was B408, and even this value is so greatly in excess of the minimum
water of saturation as to cause doubt whether the sample is really
plastic. Upon the addition of sodium ions all layers became plastic.
Samples 9477 and 8479 of the Nacogdoches profile are sandy clays
without definite sticky points when tested by the roller. Upen tﬁe
addition of sodium ions they became highly plastic. The sodium
hydroxide treatment increased only slightly the plasticity of the sub-
soils of the Marshall and Shelby, as is shown by the lowering of the
sticky points and lower plastic limits. When sodium hydroxide was
added to samples from the lower horizons of the calearesus Colby and
Houston, the sticky point was raised, and in sample 6847 a definite
sticky point could no longer be obtained. After the removal of organic
matter with hydrogen peroxide treatment the sticky point of sample
B171 was lowered from 36.1 o 29.6, and the lower plastic limit was
reduced from 22.6 to 17.2. There was s slight but scarcely significent
decrease in the minimum water of saturation. The lowering of the
sticky point and lower plastic limit of soils by hydrogen peroxide or
sodium hydroxide treatment may be due in part to the increased
dispersion of the clay aggregates,
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Churlton (11) reported sticky-point determinations by the Keen
and Coutts procedure for some Bast Indian soils whose bases had
been replaced by hydrogen, calcium, or sodivm. He found thut
hydrogen or calcium saturation raised the sticky point above that
of the untrested soil, but that sodium saturation and hydrogen peroxide
treatinent lowered it In the sumples reported in fable 6 the bases
replaced by sodium were not washed out of the soil, so that the
treatment 13 not comparable to that of Charlton. 1n this work the
depression of the sticky polnt in the selected samples at pld 8.1 was
considerably greater thaa the average depression obtained by Charl-
ton for sodium-treated samples st pH 84.  Anderson {3) found that
the aiteration in several physieal properties of extracted soil colloids
was least in coloids of low silice-sesquioxide ratio.

PISCUSSION

It seems evident that the various methods which have been em-
ployed to determine the sticky puint of soils do not all nieasure the
same soil property. If the term “sticky point” is to be applied to
those tests which depend upon sdhesion of the soil to surfaces against
which it has been pressed, then perhaps the termn “scouring peint”
should be used to designate ndhesion of soil material sheared by pol-
ished metal surfaces.  For some svils the two procedures may be
made to yield essentislly duplicate results, hut for other soils the
values may differ considerably. Furthermore the static tests yield
sticky poiots for many soils which are not sticky according to dynamic
tests, Whether both types of tests are 1o be retained wall depend on
the uses and value of the information which they furnish.

If the static tests are to be used there is need for standardization of
the procedure. None so far found in the literature appenr to be
capable of quantitative deseription, or to have been described pre-
ciscly (‘noug[l to yield consistent results by different workers without
personitl demonstration. The least subjective of the methods that
have been used appears to be the glass-plate test used in the pre-
Liminary work of this investization. Apparently no successful at-
tempts have heen made to mechanize the static sticky-point procedure.

The dynamic methods of determining the sticky point appear to be
simpler and to offer greater hope of standardizafion. The most im-
portant item is the shearing speed. 1t is believed that the roller
device employed in this investigation offers a more satisf actory basis
for a standardized procedure than any of the other methods now in
use. The only specifications that appear to be of importance are the
size and peripheral speed of the roller and possibly the clearance
between the roller and the plate. At high shearing speeds it is diffi-
cuit to observe small particles of soil adhering to the roller. High
shearing speeds lower the sticky point and, in border-line cases, may
yield sticky points for solls which cannot be made to follow the roller
at the chosen shearing speed of 5 cm per second. Shearing speeds
of 3 or 4 cm per second can also be used satisfactorily. These speeds
yield slightly higher sticky points, which are more neaily in line with
the values obtamed by the writer when using static methods. How-
ever, the two types of procedures yleld such widely varying results
In some instances that, in fixing the shearing speed, no consideration.
need be given to the results by static methods.
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Although nearly all soils may possess lastic properties to o slight.
degree, light-textured soils do not fall within the plastic-consistence
classification of Atterberg, It seems possible that the dynamie
sticky-point procedure may be so chosen that only those soils which
fall within the Atterberg plastic range will be rated as sticky. The
essentinl requirement is that soils which have lower plastic limits and
no others shall wlso have sticky points. The datn, which will be
discussed later, show that there is a close relationship between the
sticky point obtained by the roller aethod and the lower plastic
limit.  The unique relationships of these plastic-consistence con-
stants appear o justify the adeption of such o mechanized dynamic
procedure,

THE LOWER PLASTIC LIMIT

METHODS

All published procedures for the determination of the Jower plastic
imi{ are bused on the Ausrollgrenze of Atterberg (4).  They differ
chieflly in the manner of rolling the sample and the end-point eriteria.
As one repeatedly rolls out a 2- 10 3-w subsample of a kneaded plastic
o1l at a moisture content slightly below the sticky point upon i sheet
of glazed paper ora glass plate, with the fingers (4), o finger (26), the
palm of the hand (2), the side of the palm of the hand, or a stick 4, a
moisture content of the drying paste finally is renched nt whicl the
sotl [ilament beging 1o break into lengths of perhaps 1 to 3 ein.  If the
cross section of the soil filiment does not nppear homogoncous but
shows # spiral line or laminafions due 1o rolling, some operitors con-
sider the end point to bo reached even though the broken pieces of
filament may be rather fomgz.  Others, =such as Russel and Wehr and
the writer, interpret the term *Ausrollgrenze” literally and drive - he
end point down to the lowest value at which the soil Jnay be made ¢
rell out into u filament of 3 or 4 nun diameter and about 1 em long.

At the rolling-out liwit, the finest textured and most plastic soils
are the stiffest,  Some of them require o greater rolling pressure than
conveniently ean be exerted by the finger or hand.  In this investiza-
tion the samples were rolled between the side of the palm and a smooth
glass plate, a condition favoerable, when necessury, to high rolling
pressures, In the few cases encountered in which the soils were too
stifl to roll, the technique of Russel and Wehr (26) wus followed, in
which the samples were struck with s hammer. At moisture contents
above the end point the sample flattencd out into a thin layer. Below
the end point the sample shattered into small frugments, The end
point was taken in the marrow slightly uncertaln moisture zone
dividing the two conditions described.

Coarse-textured soils cannot be mude to roll out into filaments, but
there is ne sharp division between soils that have an Ausrollgrenze
und those that do not. Neither is there general agreement anong
operators as to whether soils in the zone near the plastic-nonplastic
boundary have a true rolling-out limjt. Some sandy soils fairly high
in well-decomposed organic matter, if skillfully handled and gently
rolled, may be made to assume a cylindrical form at moisture contents
at or above saturation. In fact they may show a glisten such as is
observed in determinations of the mimmum water of saturation.
In this investigation soils were considered to have no Ausrollgrenze
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unless they could be rolled [reely, showed typical filament breakage,
and had moisture contents below the minimum water of saturation.

As in sticky-point determinations, the soils for which definite and
reproducible plastic limils were most difficult to obtain were those
near the border line between the plastic and nonplastic consistences.
"These soils gave high values which appronched or oceasionally slightiy
exeeeded the moisture equivalent,  Slightly plastic lateritic soils
formed rough granular filaments instead of the usual smooth-surfaced
structurcless ones. Near the cnd point they broke into crumbs
inatead of the usunl short eviindrical soctions. Some also adhered
to the hand or glass plate 1 sufficient pressure was applied.  Upon
the addition of sodium hvdroxide, a deflocculent, these conditions
disappenred, the soils volled freely, and gnve lower and definite end
points.  Table ¢ indieates that sodium hydroxide Towered the Jower
plastic it for ot acid soils with low basc-exchange capacitioes,

The writer has found in soils liternbure no altempt to mechanise
the procedure.  Althongh the casiest of all Atterberg consistence con-
stante to define and Lo defermine, it dopends, ns do the other Altor-
bore constanis, npon the judgment of the operator.  Huach operator
enn pstaliy duplieate his own resulls willin .1 pereent of moisture,
but his resufts may differ widely from another operster’s.  In the
writer's opinion the tochnique most likely to yield comparable resulls
be different oporators is the one in which the end point is driven to
the lowest value whick ean be made to conform to the procedure de-
seription. The end point can be approacted only Trom the wet side,
The effoct of femperature variations has not been investignted, but
it is quite probable that coustdersble variation in the temperatore
of the wisss plate will appreciably affect the end-point values.

RESULTS

“Phe dnin obtained for the lower plastie limih of the erosion station
soils are presented in table 7 and will be diseussed in a later section,
With u fow doubtiul exceplions the lower plastic limit lies between the
centrifugal moisture and the other capillury soil-nioisture constunts
aivenin tho same inble.  Ttlicsinan agricuiturally important moisture
range, apparently being the moisture constant nearest the permanent
willing percentage.  1is values yun so low in highly plastic cluys und so
hish in barely plastic soils that it probably bears no definite reiation
to the moisture content of the soil at which plants permanently wilt.
Phe fower plastic limit appears to bear no fixed velation to any of the
uthor soil-moisture constants, not even to the sticky point, which Is
also n property of plastic soils.

for twu horizons of the Muskingum and one each of the Clinton and
Kirvin soils, lower plastic limits, but no sticky poiuts, are given.
This 15 alse Lroe of one sodium hydroxide-treated sample in table 6.
These appear to be border-line cases in which it s uncertain whether
the soils should be rated as plastic or nonplustic in the Atterberyg
clussification. 1n these four instznees the solls couki be made fo
sdhere slichtly to the roller at higher speeds, but the moisture con-
Lents were so high sud the results of replication so variable that these
soils were rated as nonsticky.  However, the lower plastic limits
were sulliciently reproducible by the procedure employed to warrant,
in the writer's opinion, the rating of these soils as plastic. The
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writer was unable to make a satislactory modification of either pro-
cedure which would definitely give these soils either both constants
or neither of them, ns a perfect plastic consistence classification would
seem to require. Procedures differing from those used in this worl
may accomplish. this result, but if the discrepsney is found to be
limited to boundary eases the procedures adopted in this investiga-
tion are-not open to very serious criticism for that veason. It seeins
quite unlikely that uny static sticky-point method muy be made to
ngree so well with the lower plastic-limit tests us does the roller method.

MINIMUM WATER OF SATURATION
METHODS

The term “minimum water of saturntion’ is used in this bulletin to
designate the lowest moisture content at which [ree waber appears an
the surface of o soil sample in closest packing.  The procedures
eployed in the determinations were as follows:

A sample of soil material that had passed o sicve with 2-mun round
holes was mixed with distilled water to form & coherent inass. A
portion el abhout 4 g was worked between the thumb and index
finger, with small deformations, inte a cubical forni whose edges were
about 3.5 cm long.  The object of the manipulation was to produce a
particie orientation that would reduce the soil voids to ns low
volume as could be obtained without compression.  The desired end
point was the lowest moisture content at whicli a glisten appeared
upon ihe surfice of the sample.  Aflter the end point was obtained,
the sample was dried overnight at 105° C'., and the moisture contont
was determined.

The end point was quite easily checked in sandy soils by deforming
the sample slightly so as to inerease the porosity. This treatment
caused the free surlace water to retreat into the interior of the sample
and the surface glisten {o disappear. TUnlike sandy soils, the clays
idd not have a perceptible volume rigidity due to soil-grain arrange-
ment, and movement of water from the surface did not take plare in
these soils when there was a slight change in shape of the molded
snmple.  The end point was also much more difficult to observe than
in the lighter nonplastic soils. Consequently the procedure was
modified for clay soils. The wetted samples were worked, into spher-
jeal shapes and then lightly tapped a fow times upon a glass plate to
produce a flattencd area a hall centimeter or more in diameter. The
end point was the lowest moisture content at which there appeared n
narrow glistening ring surrounding the ilattencd area. These soils
could be manipulated at moisture contents above the sticky point
by employing light pressures and producing enly small deformations,
When seil material stuck to the fingers there existed the possibility
ol particle-size fractionation which might affect the accuracy of tlie
result,. .

The end point for each sample was approached from both the wet
side and the dry, a procedure that could be repeated as olten as
desired. In adjusting the moisture content, water could be drained
away from a sample too wet by touching one face to a d ry glass plate.
If the sample was too dry, a drop ol water, added to the top, was
distributed quickly by captllarity, if the texture was not too heaxy,
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Clay soils required thorough mixing alter water was added to them,
Many sandy seils cannot be melded into shope exeept at moisture
contenils considerably above the end point,

This moisture consiant is open to the same serlous objection as
the Atterberg consistence consiauts, that the end point depends upon
the judgment of the operator.  1In some instances it s impossible 1o
detormine with certainty, over quite a wide moisture ringe, at what
point the soil surface begins or ceases to glisten.  Perhaps the decision
may be affected by lehting, eve fatigue, or neuteness of vision.  Other
objections are that the voids may not be filled completely with water
and that the manipulation of cluy soils may produce a volume greater
than the minimum.

Notwithstanding the element of personal judgment entering into
the tests, there are advantages which appene to warrant its retention
il the results arve found to be useful. 16 is o test widel can be applied
10 all mineral soils exeept the very conrsest, 16 requires anly o small
sample, without pretreatinent, and no equipment exeept that needed
for drving and weighing,  Heplientes for nonplastic soils usually
agree within less than 1 pereent of moisture.  For elnys the repliea-
tion 1s not quite so precise ag for the sticky point.  There is no nssur-
ance, of course, that the results obtained by different operators will
agree within these limits,

The greatest difleulty n securing satisfactory duplicates occurred
with lateritic elays. Tt was lound that fewer orratic results were
obtained if, starting with a soil too dry, tes(s were minde ot inereasing
moisture contents until the semple definitely was too wet, and then
watching for the end point until the soil barely was toe dry. A drop
of water was then added for a final check.

RESULTY

The data on the minimum watler of saturation obtrined for the
erosion station profile samples are presented in table 7 and lurther
discussed in a fater seetion,  The determinations were made non-
consecutively at the same time as those of the sticky point and lower
plastic limit.  The values recorded are the averages of six deterninn-
tions.

Seatter dingrams indieate that the mininmum water of saturation
more nearly parallels the clay content than any of the soll-maisiure
constants studied, s average value 18 slightly lower than that for
the sticky point but is nbove the values for the other motstire con-
stants recorded in the table. For sundy sods the value should be
lower than those which Prescott and Poole (29) obtained by 2 some-
what similar procedure for the sticky point beeause in this investiga-
tion the sampies were worked into the condition in which the soil
grains were most closely packed,
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The lowest value obtained, 15.9 percent, was for a fine sundy-
textured horizon of the Yernon. The enleulated porosity, based upon
the specific gravity datum of Middleton, Slater, and Byers (24) and
assuming {he voids were completely filled with wuter ab unit density,
was 29.7 percent.  This is considerably less than the porosity, 41.7
percent, of their field sample but greater than the 26 percent required
for uniform-size spheres arranged in elosest packing, FPrescott and
Poole (27) obtained porosities of sand and silt mixtures as low as
12 percenl.  There is no certainty in this work that part of the pere
space wis nob filled with air. The hirhest vulue olbilained lor the
minimn water of saturntion was for the B horizon of {he Kirvin.
For this sample the calculated porosity was 57.9 pereent, The
porosity in field condition was 3.4, and at sotiling volume it wis 74.3.
The average porosity of the heaviest elay samples, of which only one
was a surinee layer, was nearly the same as that of the soils in field
condition, but eansiderably lower thun the porosity st settling volume.

These comparisons for elay soils are of interest in connection with any
discussion of the merit of this test in the case of fine-textured soils.
The deflocenlation cansed by manipulation during test is favorable to
the Sormation arowmnil the individual elay partieles of water envelopes
which, in the absence of external compressive forces, mayv become
relatively thick. This would lead to abnormally high values of the
minimum water of saturtion.  Althougeh it eannot be shown that
1his eflect does not oceur, the poresity of the sample at the minimum
water of saturation cannot be regarded as greatly excessive when the
volume weight is approximately the same as that of the same sub-
surface material in the condition of field packing,  1for all but a few

of the finest textured soils the porosity of the test samples was loss
than that el the flield soils,

RELATIONSHIPS OF THE SOIL-MOISTURE CONSTANTS

This statistical study is an attempt {o find general relationships
among the soil-moisture constants and other physical ar chemical
properiies.  Although there are only 52 samples 1 the sef, they cover
so wide a range of physical and chemical eharaeterisiics that general-
izations which hold for the entire group may be accepfed with nore
vonfidence than il they were based, 45 is so often the cuse, on soils of
a single great soil group.  Some of the samples, ns has already been
noted, have unusual particle-size distribution. The Interitic clays
and the Houston have physical propertios quite different from those
of the other soils. _

In order to express the texture of these soil snmples in the simplest
significant form the fractions obtained in mechanical analysis were
regrouped into four classes. The organie matter was determined by
the hydrogen peroxide method in the routine pretreatment of the
samples for mechanical analysis. The clay consists of inorganic
material less than 24 in diameter, designated 1n the reports of Aiddle-
ton, Slater, and Byers {23, 24) as colloid. The material from 24 to
50u in diameter is silt,  The sand content was obtained by difference,
so that the sum of the four constituents was 100 percent in ench

s Acknowledpment is pratefaliy made lo W. E. Deming, in charpe of tabematival nnd statistien] nnnlysis,
Fertilizer [teseareir 1ivision, Borean af Chemistry wnd Soils, far adviee and assistanes in the preparation
al this sectinn of e balleci, for thesolutlon of the nornml equations given o v 38, nod for e conmaiinilon
of tho resldnnls given in table 7.
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instance,  Small ehanges in the percentage of sand affect the values
of the constants less than an equal ¢hange in any of the other con-
stituents.

On the assumption that the soil-moisture constants are functions
of the unweighied values of the sand, silt, elay, and organic matior
contents ol the soils, ohservations ranging from 38 to 52 in number
were sob up, and the values of the coceflicients ol the silt, elny, nnd or-
eanic matter (0. m.) were computed by the method of least squares.
The solutions ebtained were:

. Moisture equivelent:=4.4 40,130 (110 +0.427 {elax) 4090 (0. m) £ 1.4,
. Centrilupgal moisture= 0 G303 (silt} 03010 (elay) 4021 {o. mY 0.8,

. Water-vapor absorptions 0.85—0,005 (silt)+0.278 {rlayv)—0.10 (0. 1m) =08,
. Minimum water of saturation=100540.065 &l) 0,627 (elay)+0.31 (o, )

1.8
. ’\o:ir::uwl moisture enpacity =7.7+0.063 (silt) +0.371 felay) +1.79 (0. my 1.3,
. Sticky point (s p. - 11840115 (=ilt) 4-0.408 {eloyt +0.08 (o, ) £2.9,
7. Sticky point at 10 enfsee. (5 p. 10)=89+0135 (silt) 0408 (clax) + 031
0. 1. 2.4
8. Lo(\\er pl'ﬁtu Tt 0.6 40,047 (ilt) +0.216 (elay) —0.17 {0. m.)4-2.06,

The limits given in the equetions are the probable errors of single
ohservations.  The organic-matter cocllicients have high probable
errors due to the low percentnges of this constituent present in most
samples.  1ts effect upon the moeisture constants may he masked
almost complefely by such factors ns variations in particle-size dis-
tribution within the size classes and varintions in the chemical char-
acter of the elay, as well ns by experimental errors.  In the solutions of
the nermal equations 16 appears that additionnl weights might well
have heen given hoth to the elay and to the organie-matter perc entntf('q
but it was not certnin what values should have been chosen.  Lx-
perience indientes that in all the equations the orcnnie-matter coefli-
cients should he positive and probably at least as large us the clay
coelficients.

The probable crror of the moisture-equivalent equation is smaller
than that obtained by Middieton (22), This imay he due in purt to
differences in the degree of dispersion and in the silt and cluy size
limits or to the separation of the orgunic matter into a.separate ('I)nqq in
one cuse and not in the other. ;\Ildd]ctml found that his equation
did net fit so well for soils high in organic matier, Prescott and Poole
(25) oblained equations w hich fit vory closely when data from only
closely related svils were used.  The magnitude of the probable errors
Indicates that one can compute the cenfrifugn]l mosture and the
water-vapor absorption fairly precisely from the mechanicnl analyses
but that this is not true for the sticlky point and lower plastic hmit,
The normal equations indicate that the moisture equivalent, minimum
water of saturation, and normal moisture capacity are ' controlled
chiefly by the mechanica! compasition,

For all constants of all horizon samples of the Clinton except the
lowest, which is a sandy clay diflering greatly in texture from the
other snmples the significant residuals are positive. For the Houston
profile samples the residuals are large and unegative. Why the
moisture constants of this heavy clay are of abhout “the same value as
other soils of coarser texture is not known to the writer. The un-
usually large quantity of very fine silt, 2p to 5u in diameter, might be
expected to raise the value of the moisture constants, Perhaps the
cause is to be found in the unusual chemical composition, Over 60
Ppercent of the material of this profile consists of ealcium earbonute,

i et

i)
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The eolloid is very high in exchangeabie calcium hut low in exchange-
able magnesium.” The Inrge negative residunls of the sticky point
and lower plastic limit indicate that the soil is highly plastic.

Tn order to determine whether the moisture constunts were simply
related to other physienl soil propertics, a preliminary snrvey was
made ny means of seatier dingrums of the constants plotted against
other availalle date.  Tn the first part of table 8 are presented the
simple coellicients of correlation hetween the moisture constants and
Taboratory volume weights and settling velumes. These were the
only other physieal properties which, necording to the seatter dingrams,
appenred to be significant.  The snme table containg the correlation
coeflicients of pairs of the moisture constants themselves,

TanLE 8= Correlulivn eocflicicnls of the soif-moisture constants awl consfant residuals
Srom ditta af the eroston staliva soils
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Sinee the normal cquations show that all the moisture constants
can be represented within limits as somewhat similar functions of the
mechanical composition, it is to be expected that the correlations
hetween the constants themselves should be rather high. The
highest cotrelation, 0.98, is the one between the two sticly points.
One muy assume that this would have been o perfect correlation had
there been no experimental errors in the sticky-point data. There
is also a high correlntion, 0.96, hetween the centrifugal moisture and
water-vapor absorption at 99 percent relative humidity. The
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correlation hetween- the sticky poiné and the lower plastic limit ig
relatively high, but the correlations hetween these two constants ane
the others are without exception the lowest of the entire group.
This differentintion of the two moisture constants associnted with
soil plasticity from the other five is shown even hetter by the settling-
volume correlntions, all five being much grester. These correlations
are hased upon datn from only the surface and subsoil layers of ench
soil, 22 samples in all,

The negative corrclations between the laboratory volume weights,
which were obtained in the course of the normal moisture-capueity
determinations, and the moisture constants probably have little
significance other than that the sandier seils generally have the
higher volume weights. The correlation between the ciay content
and laboratory volunmie weight is —0.71, but between the clay content
and field volume weight it 15 only —0,37,

Beenuse of the dominant influence of texture, one might expéct to
find high correlations zmong the moisture constants. There is,
however, no reason to expect any corvefution between texture and
the chemicnl composition. of the extracted colloid. 1I there are
signifiennt relntionships bebween the molsture constants and any
quuntitative chemical datn the correlutions usually may he expected
to be masked by the stronger influence of texture upon the moisture
constants. Scatter dingrams were made of the moisture constants
plotted ngninst a wide variety of chemical datn of hoth the whole
soil and. the extracted colloids. The only diagrams which indicated
the possibility of significant correlations were those in which the
sthicn-sesquioxide ratios and exchangeable-baise eontents of the ex-
tracted colloils were emploved. Correlation cocflicients involving
these dale also are presented in table 8,

Most of these correlations are low, but the prepondernnecof negative
values indieates & tendencey for the moisbure constants to he high in
the lnteritie soils.  The highest of these correlations involve the Jower
plastic limit and the sticly point.  Although these four coellicients
are not Jarge, they exceed the correlations between the lower plastie
limit and some ol the other physieal propertics in which texture is
presumed to be the dominant Inctor. Scatter dingrams made hy
plotting the silien-sesquioxide ratio or the exchangeable-hase content
aguinst the sticky point-moisture equivalent ratio indieate the
existence of significant negative correlations between this ratio and
the chemical properties.  In these data the ratio of sticly point to
moisture equivalent averages 1.24, with an avernge deviation of 11
percent,  Bodman and Perry (6) found that sticky point==moisture
equivalent 10 percent.  Tn this investigation the higher ratio may
be due to differences in the sticky-point procedures or in the snmples
used. The ratio is high for lateritic soils and lowest for the most
plastic soils.

The correlation hetween the sticky point by the roller method
and the moisture equivalent is 0.74. Prescott and Poole, who em-
pioyed adhesion tests except for the heaviest soils, obtained a value
of 0.93 for the same correlation. It seems improbable that their
sticky-point data would yield ag high a correlation to the lower
plastic limit as the value 0.89 obfained in this work, because the
correlation between the lower plastic limit and the moisture equivalent
is only 0.43. The close relationship of the sticky point by the roller
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method and the lower plastic limit has been shown by the daba of
table 8 and again will be pointed out later. Because of this associa-
tion it is the writer’s opinion that either the sticky point should be
determined by @ standardized snd mechanized shearing method, or
& new moisture constant, called the scouring point, should be deter-
mined by this procedure.

A set of correlation coeflficients involving the same soil properties
as the coefficients presented in table 8 were computed. ln these
computations, instesd of the values of the moisture constants them-
selves, the residuals given in table 7 were used. The underlying
assumption is that the normal equations give the true relation between
the moisture constants and mechanical composition and thas the
residuals are due to causes other than differences in texture. The
residuals are so heavily loaded with experimental error that the
coefficients probably are not highly significant. Furthermore, the
subdivision ol mechanical composition into the four classes employed
cannot accurately represent texture unless there is for all soils an
identical particle-size distribution within each of the grades selected.
This condition, of course, is not fulfilled.

The correlation coellicients of the moisture constant residuals are
presented in the second part of table 8. Notwithstanding the ex-
pectancy ol excessively large errors the correlation between the two
sticlky points is 0.95. The settling-volume coefficients, all small and
some positive and some negative, indicate that the settling volume is
dependent primarily upen texture. The correlution coefficients
between the centrifugal moisture and water-vapor absorption, given
in table 8, is 0.96, and the coellicient of their residuals is 9.77. These
moisture constanis appear to be as closely related to cach other as
are the sticky point and the lower plastic Tunit.

The correlation coeflicients between the residuals and the two sets
of chemical data, although low, are negative, indicating that the chem-
ical eomposition of the colloid siigl:ﬁ_ affects all the moisture con-
stants, The highest of these negative correlations, invelving the
sticky point and the lower plastic Iimit, indicate that soil plasticity
is inftuenced to a greater degree by the ehemical composition of the
colloid than are the other moisture constants. The marked effect of
sodium hydroxide upon the sticky point and lower plastic linit of
Iateritic soils experimentally confirms the statistical evidence that the
soil plasticity to some degree antiparallels the exchangenble-base con-
tent of soils.

I¢ is rather surprising that the correlation coefficients, particularly
those using the residuals, do not indicute a stronger influence of the
chamical nuture of the colloids upon the nonplastic moisture constants.
Tor instance, in the case of these same solls, it has been shown by
Middleton, Slater, and Byers (24) that the settling volumes of the
extracted colloids fall in the same order as the silica-sesquioxide ratios.
In determinations of some of the moisture constants of extracted soil
colloids, planned for o later investigation, undoubtedly it will be found
that the chemical character of the material has a marked influence.
The failure of the chemical properties of the colloids to show, in this
investigation, a stronger influence upon the soil-moisture constants
may be due to the actual dominang influence of {exture; but it may
also be due in part to the faillure of the particle-size classification
employed to represent the soil texture with sufficient aceuracy.
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SUMMARY

Studies of the relntionships of seven soil-moisture constants, in-
cluding the three new ones, centrilugal moisture, ninimum water of
saturation, and normnl moisture capacity, of the soils of the soil-
erosion stations of the United States Department of Agriculture are
reported.

The centrifugal moisture, which is the moisture held by soil material
when centrifuged in o small bearingless air-driven centrifuge at 300,000
gravity, has a slightly higher aversge value than the water-vupor
absorption at 99 percent relative humidity but probably a somewhat
lower value thun the permanent wilting percentage.  The data pre-
sented indieaste that the moisture equivalent should not furnish g
reliable mensure of the permanent wilting percentage of soils.

The normal meisture copucity, for the determination of which a
procedure is given, appears to Turnish a more accurnte measure of the
field capacity of soils than does the moisture equivalent,

The sticky-point data obtained by adhesion tests may differ consid-
erably from these obtained by shearing methods. A simple roller de-
vice, applicable to plastic soils only, is presented and recommended as
a basis for a standardized sticky point or sconring-point procedure of
the shearing type. The addition of small quantities of sodium hy-
droxide lowered the sticky point and Jower plastic limit of lateritie
and noncalenreous soils.

Proeedures nre given for the desermination of the mininum water of
saturntion, which is the percentage of water required Lo saturate o
soil sample when the soil grains nre aveanged In position of closesi
packing,  The test is made moss accumtely and ensily {or nonplastic
sotls.  Tlhe sverage value isslightly lower than that for the sticky point,
but ik is more closely related to the elay content than are the ofier
muaisture constants,

A stalistical study of soil-moisture constant data shows the cen-
trifugal moisture nnd water-vapor absorption at 99 percent relative
humidity to be closely related, us also are the lower plastic limib and
the sticky point. The data indicale that the minimum water of
saturntion, normal moisture eapacity, moisture equivalent, centrifugal
moisture, and water-vapor absorplion are controlled chielly by the
mechanical composition of the suil and run paraliel to the seitling
volume, The lower plastic limit and the sticky poiné are not so
closely related to texture, and aye influenced to o greater extent by the
chemical charncter of the coltoid thaw are the other moisture constants.
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