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BOUND ATE± IN SOILS
AS AFECID BY

CHICAL AND 1CHA1TICAL TEAr1NTS

INTRODUCTION

It has been established by various investigators that when a

soil moistened with water is subjected to favorable freezing conditions,

not all of the water is found to freeze. In the absence of more specif-

ic information concerning its nature, such water is commonly referred to

as "bound water". The dilatometric and freezing point determinations

of ouyoucos (2-9) are at present the chief source of information in

this field of soil moisture investigations. From his studies he con-

cluded that the problem. is largely of a colloidal nature and, in general,

the effect is a function of texture as well as the moisture content of

the soil.

The published research on the moisture relations of colloids

affords much qualitative and. quantitative evidence for the binding of

water. However, it has been difficult to arrive at an §xact definition

of bound. water because neither the manner in which it is held nor its act-

ual state is definitely known. The diversity of observations, so apparent

in the literature, may be largely a result of the methods used, some of

which lack precision arid reproducibility. Since the phenomenon of bound

water has been observed in different hydrated systems, various methods

have been utilized in an attempt to arrive at an explanation of it.
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Foote and Sexton (13-15), Bouyoucos (2-9), Jones and Gortner (24),

Hampton (19), MCC001 and Millar (2?), Anderson and Williams (1), and

Sayre (45), have employed the dilatometric method in their investiga-

tions. The heat of fusion method originated by Muller-Thurgau (32)

and later modified by Rubner (44) and Thoenes (4'?) has been used in

more recent work by Robinson (41-42), Meyer (30), St. John (46), Chrysler

(II), and Sayre (45).

Studies by the use of the freezing point depression, made by

Bouyoucos (4), Keen (25), Parker (39), Rosa (43) and many others

have brought out interesting as well as conflicting evidence con-

cerning soil-moisture relations.

In each of the above methods the definitions of bound water

arrived at by the investigator are merely an empirical statement of

bound water as they have observed it in their work and more important

than that, by their own method. No satisfactory basis has yet been

devised by which the mechanism of' the binding of water may be explain-

ed; nor has the relation between bound water and such single-value

constants as the moisture equivalent, water holding capacity, etc.,

been clearly defined.

As highly theoretical as the problem has been, the practical

iortance of the phenomenon was suggested by McG.eorge and Breazeale

(29) who noticed that plants wilt in a soil that has been puddled

(mechanically worked) even though an abundance of water is present.

Such "puddling" was found to hinder germination of the seed and the

response of the plant to fertilizers.

In view of the uncertainties of the method of determining bound
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water in soils abOve referred to, a critical study was first made of

the dilatoinetric method, and refinements devised to place the measure-

merits on a more accurate quantitative basis. The writer believes that

quantitative results by a refined technique should throw light on the

problem, and thus contribute to an understanding of the nature of bound

water and its relationship to agricultural practices. This paper

presents a study of bound water as affected by chemical and mechanical

treatments in a typical humid and arid soil, in an attempt to show how

the proportion of bound water in soils varies under different conditions.

REVIEW OF THE LITERATURE

A survey of the complete literature on the subject of bound water,

would probably involve a review of all work which was in some way con-

cerned with the nature of colloids,

Although the present investigation deals with soil determinations,

a general review of the literature on bound water will be presented to

provide a background for subsequent discussion.

As far as can be found, Foote and Saxton (l3)(l4)(15) in their

studies on bound water were the first to use the dilatometric method.

Investigations in systems of inorganic gels of silica, alumina, col-

loidal ferric hydroxide, and a mixture of lampblack and water showed

that a certain portion of the water remained unfrozen. An attempt

was made tb lassify the water into free, capillary and combined forms

on the basis of the amount frozen at different temperatures.

Dilatometer studies on soils have been most extensively carried

out by Bouyoucos (2)(3)(5)(8)(g) He has used this method to measure



the amount of bound water in soils in an attempt to classify the

forms of water as did Foote and Saxton (13). He found (3): (a)

free water, defined as that which freezes from 00 to slightly

below 000, (b) that which froze between 00 and -78°C which he termed

oapillary water and (c) that which failed to freeze which he termed

combined water, In further studies (4) he found that the amount

of moisture which soils were able to render unfree was independent

of the total amount of water present in the sample. This conclusion,

however, is not in agreement with results to be presented in this

thesis. Keen (25), on the other band, found a definite correlation

between the amount of water present in the system and that which

fails to freeze.

Extending his studies on soils, Bouyouxos (8) adapted the dil-

atometric method to the determination of the permanent wilting point

and. the moisture equivalent in soils and round a correlation between

that water which fails to freeze at -1.0°C and the direct methods,

Other conclusions brought out in his work will be discussed under

experimental data to follow.

Parker (39) found that (1) finely divided material causes a

depression of the freezing point of the liquid when a liquid exists

in a film around. the solid material; (2) that the freezing point de-

pression due to solid material and that of material in solution are

ad1t1've, ni (3) that the concentration of the soil solution cannot

be measured by freezing point method except at very high moisture

contents.

Freezing point work in many cases such as that of Bouyoucos (4),
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Moran (31), Keen (25) and Parker (39) as given above has contributed

much to bound water relations.

Rosa (43) has used both the freezing point depression and dii-

atometric methods in his work of winter hardiness studies. The main

criticism given is the fact that the equilibrium temperatures were

not definitely determined.

C0001 and. Millar (27) have used the dilatometer in the study of

soil and plant relationships.

Tones and Gortner (24) have studied bound water by used of the

dilatometer. Their investigation was based on the state of water in

certain aqueous colloidal systems as affected by a temperature range

between 0.00 and -50.0°C. The colloidal systems studied fell into two

general classes: (a) those in Which the freezing process is complete-

ly reversible, and (b) those in which the freezing is an irreversible

process. They also found that the water binding in a gelatin water

system appears to be an adsorption reaction.

Still other methods have been employed in an endeavor to explain

the phenomenon of bound water. Newton and Gortner (37) suggested a

method based. on the hypothesis that a certain portion of the water

rendered inactive in the solution will no longer act as a solvent as

does "free water". Therefore, the athiition of a definite amount of

soluble substance such as sodium chloride to a sample with a known

amount of water would cause a lowering of the freezing point of the

mixture, in proportion to the molar concentration of solute present.

A positive deviation of the observed from the theoretical freezing

point depression would thus be a measure of the amount of bound water
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present. This method was employed by Newton and liartin (38) in their

studies on drought resistance, Newton and Cook (36) in their studies

on wheat-.flour, Newton (33)(34)(35) in his studies on winter wheat

and many other investigations.

The latent heat of fusion of ice has been used for the determin-

ation of bound water by Chrysler (ii), Robinson (42), St. ToIm (46),

and Meyer (30). Sayre (45) has also used this method in his compari-

son of methods used for determining bound water. The ultrafiltration

method adopted by Greenberg and Greenberg (18) for the determination

of bound water (hydration) in biological colloids, showed that only

small amounts of water existed as bound water in the systems studied.

From the above review it is evident that an explanation of bound

water cannot be arrived at by trying to determine a certain quantity

in several different ways. The magnitude of the bound water is of

necessity more or less empirical; hence no result will have quantita-

tive significance unless the method employed is definitely stated.

CONDITIONS AFYECTING BE DILATOMha'RIC LUATH0D

In an attempt to determine the extent to which water is bound in

a soil by dilatometric method, it was found that temperature, above

all other factors, played an important part in controlling the magni-

tude of the experimental error. The main reason for this is the fact

that any satisfactory reference liquid which might be used in the de-

termination is subject to expansion due to temperature change because

of its high coefficient of expansion. Such volume changes have been

found to vitiate duplicate determinations. The main source of error
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to be found in such a case is obviously the volume of reference liquid

used. It was therefore concluded that the freezing bath should be con-

trolled to at least one-hundreth or a degree at the temperature chosen.

Even though only a small amount of reference liQuid is present in the

capillary tube of the manometer at any one time, it is hazardous to

neglect careful temperature control of the manometer.

The evolution of air bubbles wither upon freezing or thawing in-

troduced much difficulty in this investigation. The technique should

permit the easy evacuation of the sample and the setting 01' the refer-

ence liquid to any desired initial height.

The element of time is of considerable importance in bound water

investigations. In order to plan the work ahead, a new procedure for

the preparation of samples was perfected, the details of which will

be discussed later.

Development of a New Dilatometer

In. the preliminary experimental work the ultimate aim was to se-

cure the most accurate and rapid method of measurement. Since the

method chosen for this study was based on the fact that an eLpansion

had to be measured at constant temperature, several types of dila-

toineter were designed and tested in order to choose the one which of-

fered the best possibilities.

Without going into too much detail, a very short survey will be

given of the different dilatometers designed in this investigation.
/

It was necessary to provide a freezing tube in which the conditions

could be maintained more or less uniform. It consisted of a glass

tube into which the sample could be easily inserted and removed. The
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main source of difficulty was centered in the choice of a nianonieter,

a suitable reference liquid, and ground. joints which had to be made

vacuum-tight, toluene-tight, and water-tight,

The first apparatus consisted of a freezing bulb connected by

means of ground foints to a two-arm manometer tube containing mer-

cury, to measure the difference In the manometer levels when the sam-

pie was frozen. There was no continuous indicating fluid except air.

The expansion of any sample during freezing manifested itself as an

increase in the air pressure and thus could be measured by the arms

of mercury in the nienonieter. This did not prove satisfactory be-

cause of uncertainties due to temperature fluctuations,

After the possibility of using air as an indicating medium was

abandoned, the use of a liquid as an indicating fluid in the nianonieter

was given consideration. The most simple and satisfactory idea proved

to be a freezing tube and a manometer directly connected by means of a

ground joint. Toluene was chosen as the reference liquid. The man-

ometer was calibrated, with a meter stick as a scale. The temperature

of-the freezing bath was controlled as well as could be expected by

means of a crushed ice and salt bath. After a series of trials the

manometer was found to show a high degree of variation in the readings

as did the freezing bath, if the latter was not controlled within 0.01°C

of the desired temperature. A three-way stopcock was then introduced

between the freezing tube and the manometer which made possible the

evacuation of the sample; the filling of the freezing tube with indic-

ator liquid; and the setting of the indicator liquid to a desired

height. Some leakage was, however, noted which couldbe attributed to
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the fact that the stopcock grease was not toluene-proof.

Another type of apparatus was then designed so that a freezing-.

point depression could be obtained at the seine time that the dila-

tome-ber expansion was recorded. This design is shown in Fig. 1. The

main feature of the apparatus was that it contained a Bec)flnann ther-

mometer for the recording of the freezing point depression. Another

advantageous change in the assembly was the addition of an individual

sampling tube. This was designed to fit snugly inside the freezing

bulb. Samples could be made up in advance and changed very rapidly.

The weakest parts of the assembly were found to be in the mounting of

the Beckniarin and the fact that the manometer had to be attached on the

side of the freezing bulb. Such an arrangement was neither sturdy nor

convenient enough for satisfactory operation.

However, the writer believes that such an assembly which affords

a measure of both the freezing-point lowering occuring within the sam-

ple and the expansion due to freezing, would give more satisfactory

evidence and hence might more fully explain the phenomenon of water

binding in such systems.

Determinations using the foregoing apparatus brought out the fact

that more sturdy construction was necessary, and that the ground joints

had to be made toluene-tigbt as well as air-tight. Ordinary stopcock

grease did not fulfill the requirements, so a new grease had to be

found. This grease is described on page 11.

One important obse?vation was made before this design of apparatus

was abandoned. It was found that a maximum was recorded on the Beckrnann

thermometer after supercooling and before the sample showed a maximum



THE DILATOMETER UNIT
WITH A BECKMAN THERMOMETER
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reading of the manometer due to the expansion as a result of freezing.

Because of technical difficulties the above assembly was abandoned.

A more simplø type, that is, without the Beckmann thermometer was then

designed.

Description of the Final Apparatus Used

The principal features of the final apparatus are a freezing tube,

a special ground foint and a three-way stopcock. It is shown in Fig. 2.

The freezing tube, unlike the one of 60 c.c. capacity in Bouyoucos' ap-

paratus, was designed elongated and slender to promote more rapid heat

interchange and therefore more rapid freezing. Its length below the

grothid joint is 11 cm. and its outside diameter 22 mm. The removable

soil sample tubes were 10 cm. long and have an outside diameter of 18

mm. They would fit nicely into the freezing tube. These dimensions

were chosen so that the tubes could conveniently hold about 25 grams

of soil. The use of such a small tube to introduce the sample is very

advantageous. It makes possible the preparation of a large number of

samples in advance and a simple and rapid replacement of a measured

sample with a fresh one. The annular space between the two tubes serves

as a jacket which, though filled with reference licjuid, acts as a check

against too rapid heat interchange which might cause premature freezing.

The ground-joint was designed to have a taper corresponding to

Corning No. 24/40 and hence to be interchangeable. The male part,

though identical with No. 24/40 in taper, differs from it in having

a 1 mm. bore. The latter has a cone-shaped enlargement at the bottom

to permit an easy escape of air bubbles during evacuation.

The wide extension of the freezing tube above the ground-joint is



Fig. Ske-tch of di1aorneter asse1y
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also a new feature. It is 9 cm. long above the ground-joint and has

an outside diameter of 4 cm. The obvious advantage of the elongation

is to prevent leakage of the joint on contact with the freezing mix-

ture. Unless so prevented, leakage is inevitable, since the stopcock

grease, which must be toluene-proof, will of necessity be water-soluble.

The grease used for this purpose was prepared by heating a mixture con-

sisting of 60% anhydrous glycerine, 20% mannitol and 20% dextrine near-

ly to boiling with constant stirring until uniform. The viscosity of

this grease can easily be regulated by varying the proportion of glyc-

erine, On cooling it sets to a sticky mass which is entirely insol-

uble in toluene. It affords a vacuum-tigh± joint and has additional

advantage that when placed in the freezing bath, the viscosity increases

and makes the joint even more secure.

The extension gives the entire assembly somewhat greeter sturdiness

for handling. The hooks at the top make possible a firm attachment of

the freezing tube by way of rubber bands stretched over the shoulder of

the stopcock.

The tbree-way stopcock here used in Corning No. 2065, having a 1 mum0

capillary T-bore, so arranged that it makes possible three operations:

(i) evacuation of air from the sample; (2) filling with toluene from the

bulb at the upper end of the capillary; and (3) removal of excess toluene

and setting of the column to any desired height. The last operation is

performed only after the freezing tube and contents have attained the

temperature of the freezing bath. We have also used three-way stopcocks

in which the plug bad. a curved bore connecting only two arms at a time.

This type possesses some advantage over the T-bore type.



-12-

The tubes for measuring the expansion were carefully selected Pyrex

capillary of 1 mm. bore, so that a 50 cm. length of it contained about

0.8 iril. of toluene. Since water on freezing expands about 9%, the man-

ometer through its entire length would measure the expansion of as much

as 9 grams of water. The tubes themselves were not graduated. Instead,

a special white porcelain scale was provided, with subdivisions similar

to those of a Beckniann thermometer. This scale could be read to 0.2 nmi.

which corresponds to 0.0003 ml. in volume. Reference marks were etched

on the capillary at the zero and 50 cm. points. The capillary and scale

together with a thermometer were placed in an ordinary condenser jacket,

so that this portion of the apparatus could be maintained at constant

temperature by means of water circulating through it. 1ien filled with

water, the jacket itself acts as a lens,rnagnifying the scale and mak-

ing it easy to read. At the upper end of the capillary, attached by

way of a ground-joint, is a thistle tube through which the reference

liQuid can be easily introduced.

Originally a freezing bath consisting of crushed ice and salt, sim-

ilar to that of Bouyoucos, was used. It was distressingly difficult to

maintain such a bath constant. To overcome the difficulty, a bath was

designed in which the low temperature was produced by means of a ---borse

power Lipman compression unit. The inside &iniensions of this bath were

8 x 10 x 42 inches. It was lined with copper, heavily insulated with

cork and filled with a calcium chloride brine. It was ecuipped with a

thermo-regulator, expansion valves and soils, and an efficient stirrer.

The regulator was capable of maintaining the temperature to t 0.100.

Viith careful observation and hand regulation, the bath could, easily be
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kept at t 0.0100.

Except when the measurements were made over a serie of jacket

temperatures, the jackets were maintained at 3000 0.10, by means of

water circulating through them from a thermostat. For this purpose a

Sargent circulating pump capable of giving a rate of flow of 4 liters

a minute was employed. The entire assembly, which included three of

the dilatometers as described above, make it possible to have conditions

under positive control at all times and to speed up the measurements con-

siderably.

A photograph of the assembly is shown in Fig. 3.

Calibration of the Apparatus

Before the apparatus could be used for the experimental work plan-

ned, the three dilatometers had to be calibrated. Two separate calibra-

tions were necessary before basic work could be done: (1) determination

of capillary scale readings in terms of true volumes; (2) the amount of

expansion obtained from known amounts of pure water.

The first calibration consisted of weighing mercury delivered from

the manometer. A small amount of toluene was placed on top of' the mer-

cury so that a meniscus o± toluene could be read instead of' the mercury

meniscus. The mercury was delivered to a weighing bottle by means of

the three-way stopcock. The readings of the toluene were taken after

each mercury weighing in order to give the toluene time to drain. To

conform with the technique to be used in the later determinations, the

jacket of the manometer was controlled to 30.00 t 0.1°C.

Table 1 shows the data obtained.

-13-
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TABLE 1. CALIBRATION OF MANOMETER TUBES

Specific volume of Hg at 30.0°C 0.073955 cc.

Accumulative wt.
of Hg. and the

weighing bottle

Manometer Wt. of
readings Hg taken

gins.

Accumulative
wt, of Hg.

gins.

True
volume
cc.

Dilatometer #1

27.9403 50.00 0.0000 0.0000 0.0000
28.9936 45.01 1.0533 1.0533 0.0779
30.0662 40.00 1.0726 2.1259 0.1572
31.1387 35.01 1.0725 3.1984 0.2365
32.1905 30.08 1.0518 4.2502 0.3143
33.2580 25.08 1.0675 5.317? 0.3933
34,3265 20.01 1.0685 6.3862 0.4723
35.4128 14.94 1.0683 7.4765 0.5562
36.5316 9.80 1.1188 8.5013 0.6354
37.5385 5.14 1.0069 9.5982 0.7098
38.5777 0.26 1.0392 10.6378 0.7867

Dilatometer #2

18.5383 50.00 0.000 0.000 0.000

19.5476 45.14 1.0093 1.0093 0.0746

20.5974 40.00 1.0498 2.0591 0.1523

21.6267 35.00 1.0293 3.0884 0.2284

22.6801 30.00 1.0534 4.1418 0.3063

23.7372 24.98 1.0571 5.1989 0.3845

24.7939 19.99 1.0567 6.2556 0.4626

26.0653 1.2714 7.5270 0.5667

26.9068 10.02 0.8415 8.3685 0.6203

27.9399 5.06 1.0331 9.4016 0.6953

Dilatometer #3

18.5375 50.00 0.000 0.0000 0.0000

19.6062 44.96 1.0687 1.0687 0.0790

20.6294 40.03 1.0232 2.0919 0.1547

21.6630 35.01 1.0345 3.1264 0.2312

22.7151 30.03 1.0512 4.1776 0.3090

23.7890 25,00 1.0739 5.2515 0.3884

24.8416 19.99 1.0526 6.3041 0.4E62

25.8889 15.00 1.0473 7.3514 0.5437

26.9253 10.01 1.0364 8.3878 0.6203

27.9570 5.04 1.0317 9.4195 0.6966

28.9679 0.06 1.0106 10.4301 0.7714
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When the above data were plotted with scale readings against

actual volumes delivered, a straight line of negative slope was ob-

tained. Since the scale was so graduated that the zero rcirk was at

the bottom and. the fifty at the top, Obviously the above data are

just the reverse of what one would expect. However, since the curve

is strictly lineqr, the scale readings could be plotted as 50-i where

x is the original scale reading. Thus we obtain a straight line of

positive slope. The above calculations were made for all of the dii-

atometers and the data recorded in Table 2.

TABI$ 2. STThilttRY OF CALIBIATI0N DATA

In the above table if we allow y to equal the true volume, and x

to equal the manometer readings, the algebraic equations representing

the lines were found to be as follows:

The data as plotted in Figs. 4, 5, and 6 show excellent uniformity

Dilatometer #1 Dilatonieter #2 Dilatonieter #3

Manometer
readings

True voium
cc.

Manometer
readings

True voluzn Manometer True volume
cc. readings cc.

0.00 0.0000 0.00 0.0000 0.00 0.0000
4.99 0.07'?9 4.86 0.0746 5.04 0.0791

10.00 0.1572 10.00 0.1523 9.97 0.1547
14.99 0.2365 15.00 0.2284 14.99 0.2312
19.92 0.3143 20.00 0.3063 19.97 0.3090
24.92 0.3932 25.02 0,3845 25.00 0.3884
29.99 0.4723 30.01 0.4626 30.01 0.4662
35.06 0.5526 39.98 0.6203 35.00 0.5437
40.20 0.6354 44.94 0.6993 39.99 0.6203
44.86 0.7098 44.96 0.6966
49.74 0.7867 49.94 0.7713

Dilatometer #1: y - 0.01581x

Dilatometer #2: y = 0.01542x

Dilatonieter #3: y = 0.01553x
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of the capillary bore throughout the portion of the tube included with-

in the graduation of the scale. The close agreement In the equations

indicates the degree of uniformity that may be expected in carefully

selected oapillary tube.s of apparently the seine bore.

The calibration expansion obtainable for pure water was carried

out by first measuring the amount of water to be used from a micro-

burette and then weighing the sample on a balance. In this way an

actual weight of water was used Instead of a volume the latter of

which is dependent upon the temperature. The method used to determine

the expansion will be described later.

Table 3 contains the data obtained in the calibration with pure

water. Also, to make sure that nothing hindered the expansion or the

formation of ice, no solid material was present In the samples during

the freezing process.

TABLE 3, EANSI0N OF PURE WATER ON FREEZING

Then grains of water are plotted against observed expansion, as

shown in Fig.?, the function appears from the graph to be a straight

line within the range of moisture contents studied. The equation for

the line is found to be:

y = 0.09565x

where y is the observed expansion and x the weight of water in grams.

Wt. of water
gins.

True vol. expansion
cc.

1 0720 .1014

2.0012 .1948

2.9871 .2884

3.9868 .3749

5.013? .466?

6 0244 5840

7.0815 .6690
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The factor obtained for the expansion of ice per gram of water is

compared with those obtained by other investigators in Table 4.

The foregoing data show considerable variation in this "constant".

The writer believes that the main differences depend upon the type of

apparatus used, the techniaue employed, the rate of freezing which is

governed in part by the temperature used, and the amount and kind of

solid material present, If any. Since such variations are evidently

possible, the determination is highly empirical, hence the method used

in such determinations should always be stated. The results of this

study show that it is hazardous to apply a factor obtained by one in-

vestigator to measurements made by another unless made under identical

conditions.

Throughout these determinations, there were two important obser-

vations which were continually noted. Although these samples were

evacuated as a step in the usual procedure, air bubbles were found in

the sample tube when the sample was allowed to freeze and then thaw.

An explanation for this fact is that air becomes less soluble in the

water when it freezes and upon thawing this air instead of redissolving

TABLE 4. OO1ARISON OF DATA OF VARIOUS INVESTIGATORS
ON THE EXPANSION OF WATER ON FREEZING

Temp. O
Expansion

cc. per gin. 1i20
Investigator Reference

0° 0.09325 Foote and Saxton (13)
-1° Approx. 0.1 Bouyoucos (2

0.09074 I. C. T. (21)
0.09402 3ones and Gortner (24)
0.09880 Sayre (45)
0.09400 Sayre
0.09680 Sayre
0.10000 Sayre
009565 Buehrer and Rosenbium
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in the water rises into the capillary tube.

The other was made during the time the sample was reaching its

maximum reading on the manometer. Before settling down to its max-

imum reading, there was always an unexpected rise in the manometer

reading. If the apparatus had made it possible to insert a ther-

mometerin the sample, we could readily have determined whether this

was due to an abnoImal expansion of the indicator liciuid. The only

explanation for this effact is a momentary rise in temperature due

to the heat of fusion of ice and the resulting expansion of the tol-

uene.

Effect of Temperature

The pioneer work in the field of bound water on soils was done

by Bouyoueos (2). However, by the use of his method, it was found

impossible to obtain greement in duplicate determinations. BouyouCOs

(2) makes no mention of the fact that the temperature of the capillary

tube used for a manometer must be kept constant. Since the present

work is more or less of a critical study of the dilatometric method,

all sources of possible error in the erlier methods have been in-

vestigated. The most outstanding error seems to lie in the fact

that constant temperature has not been maintained and, as a result,

small changes in volume of the indicator liquid may introduce seri-

ous errors.

Tones and Gortner (24) have avoided such temperature changes by

immersing the complete dilatometer into a constant temperature bath.

Their method, was not adaptable to work on soils, however.

As stated before, temperature changes may cause considerable
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fluctuation of the indicator liquid. Since the final apparatus used

in the present study exposed the liquid to two different constant

temperatures, it was easy to test this effect by varying one temper-

ature while the other was kept constant.

In order to determine the magnitude of the effect of temperature

in the volume changes of the toluene, two experiments were carried

out.

In the first experiment the temperature of the manometer jacket

was kept constant at 3000 0.1 while the temperature of the freezing

bath was made to vary between -8.5° and -1.5°C. The bath was held at

a given temperature until a constant reading was obtained in the man-

ometer. The data for such a series of observations is given in the

following table and th graph showing the volume changes plotted a-

gainst temperature in Fig. 8.

TABLE 5 VOLULIE CHANGES OF TOLUENE IN THE MANOIvThTER TUBE AS
INFLUENCED BY T ERATURE CHANGES IN THE .EEZING

BATH

The curve in Fig. 8 is seen to be linear over this range and

from its slope we find a volume change of .0293 cc. per degree C. An

error which is toc large to neglect thay occur: ii' there isa variation

Bath temp. Ày. man. True volumes
reading corresp. to man. rdg.

cc.

Diff. in volume
referred to _8.50C

cc.

-8.5 9.845 .6233 .0000

-.8.4 10.000 .6209 .0024

-7.5 11.650 .5950 .0283

-6.5 13.600 .5642 .0591

-5.5 15.560 .5344 .0889

-4.5 17.450 .5050 .1183

-3.5 19.325 .4760 .1479

-2.5 21.180 .4472 .1761

-1.5 23.030 .4182 .2051
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of temperature in the freezing bath even as small as a few tenths of

a degree. The slope of the line is of course dependent upon the amount

of toluene present in the freezing bulb. The ideal apparatus should

have as small an amount of indicator liquid as possible, so that the

error from this cause will be reduced to a minimum.

The second experiment was designed in such a way that the voluiae

of tolueme in the manometer could be kept constant and changes in Irma-

ometer readings could be recorded vith changes of temperature imposed

upon the capillary tube. This was made possible by closing the stop-

cock which connected the manometer and freezing tube. The temperature

was varied from 8.50 to 36.000. For the lower temperature, this was

accomplished by passing the water through copper coils which were im-

mersed in a bath of ice. At the higher temperatures, the water was

warmed by moans of a rheostat heater and then passed through the man-

ometer jacket. A thermometer in the jacket indicated the temperature

in each instance was constant. The desired temperature was maintain-

ed in each case, until a constant reading of the toluene column was

observed.

The data for the determination are found in Table 6 and a graph

plotting temperature of jacket against volume of toluene is shown in

Fig. 9.

As seen from the graph, the points again lie on a straight line

and the mean rate of change as shown by the slope is .001099 cc./cc./°0,

which is in very close agreement with the coefficient of expansion of

toluene previously published (26).

By means of the coefficient of cubical expansion of toluene, it
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ec9mes possible to make a correction for the expansion of the toluene

forced out by the expansion due to the freezing of the sample in the

freezing tube. The basis for such a correction is explained as follows:

We cool our freezing tube keeping the freezing bath at -.3.000 and

the jacket of the manometer at a constqnt temperature of 30°C. Then

the system has come to temperature equilibrium, the nieniscus of the tol-

uene in the manometer will give a eonstant initial reading. The sample

is now frozen and at the end of the determination the maximum reading

of the toluene in the capillary is noted.

TABLE 6 V0LtJM CHANGES OF T0LUE1 IN TEE MANOMETER TUBE AS
INLTS0ED BY T ERATURE CRAGES IN THE MANOMETER

Temperature True volume Expansion referred Cubical coeff.

00 observed to vol. at 8.5°C of expansion

cc. cc. cc./cc./degr.C.

8.5 0.7391 0.0000

12.8 0.7426 0.0035 0.001090

15.1 0.7446 0.0055 0.001120
17.0 0.7464 0.0073 0.001150

18.0 0.7471 0.0080 0.001125
22.0 0.7504 0.0113 0.001115

23.5 0.7515 0.0124 0.001099

25.0 0.7526 0.0135 0.001087

29.0 0.7556 0.0165 0,001065

32.5 0.7584 0.0193 0.001060
36.0 0.7617 0.0226 0.001078

Mean; 0.001099

Average deviation from mean: 0.000025

Percent deviation from mean: 2,3%

The fiia1 volume measured in the capillary is obviously the sum

of the true expansion due to the freezing of the sample and the ex-

pansion of a definite volume of toluene due to being warmed from the

freezing bath temperature to that of the manometer jacket. We have,
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therefore, recorded a higher volume expansion than should have been

recorded for the freezing of the sample alone.

The correction is calculated by the simple equation:

VB(t2-t1) Expansion of tluene due to the change in temperature.

in which V represents the volume of the toluene which rose in the cap-

illary tube due to the expansion of the sample in the freezing tube;

B is the cubical coefficient of expansion of toluene over this temper-

ature range; and t2-t1, the temperature range involved in the experi-

ment. This is obviously a subtractive correction. For illustration

a typical set of data is assembled in Table 7.

TABLE 7. CORRECTION OF DILT0METR DATA FOR EXPANSION OF TOLDENE
DDE TO TEERATUPE ORANGE

Mean: .09565
Average deviation from the Meant .00151

Percent deviation 1.

The point of particular importance in this table is the fact that

the unavoidable expansion of the toluene force1 into the capillary is

of appreciable magnitude, being 3.6% of the total expansion. This

error would be magnified if the temperature range of the freezing bath

and the manometer jacket were greater. It is therefore evident, that

Wt. of
water
gms

Initial
scale

reading

Initial
volume

cc.

Final
scale

reading

Final
volume

cc.

Uncorr.
expan.
cc.

Corr.for 'True Volume
temp vol. expan.

change cc. /gni.H20

1.0720 24.86 0.3869 31.55 0.4905 0.1036 0.00374 00998 0.09310
1.0720 24.66 0.3827 31.44 0.4880 0.1053 0.00383 0.1014 .09459
2.0012 7.14 0.1120 20.21 0.3141 0.2021 0.00730 0.1948 .09734
2.9871 14.86 0.2307 34.16 0.5300 0.2993 0.0109 0.2884 .09655
5.0137 5.98 0.0920 38.46 O.57O 0.5050 0.0183 0.4867 .0970?
6,0244 6.53 0.1010 45.55 0.7070 0.6060 0.0220 0.5840 .09694
7.0815 1.33 0.0209 45.83 0.7113 0.6914 0.0251 0.6652 .09394
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this amount of error cannot be neglected where precision is desired.

Final Procedure in Dilatonieter Measurements

From the preliminary experiments, the following procedure was

developed. A part of the sample containing the desired amount of

moisture is weighed in the proper sample tube for the dilatonieter

expansion measurement. Another part of the same sample is used for

a total moisture determination, which is made by drying in the oven

at 110°C.

Having previously regulated the freezing bath and the jacket tamp-

erature to _3Q0
and. 30°C respectively, the sample tube is introduced

into the freezing tube, to which a small amount of toluene has been

added. The toluene layer acts as a cushion which prevents the break-

ing of the sample tube while being introducd into the freezing tube.

Toluene may now be added to cover the sample and the freezing tube

attached to the apparatus at the lubricated ground joint. While this

is being done, the stopcock should be turned to mate connection with

the 2reezing tube and thus provide an outlet to the atmosphere. Rub-

ber bands are stretched from hook to hook over the shoulder of the

stopcock. The thistle tube at the top is filled with toluene.

The apparatus is lowered into the freezing bath and allowed to

cool for a short period of time. It is then connected to a Cenco High-

vac pump at the side arm of the stopcock and. connection made to the

freezing tube. The sample is evacuated until no further air is given

off by the sample. Toluene bubbles may be mistaken for air, but air

bubbles may be recognized by their smaller size. The entire apparatus

is filled. with toluene and allowed. to come to temperature in the freez-
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ing bath. The level of toluene in the capillary is then lowered to

the desired reading on the scale,
Consideration being given to the

amount of sample being used. Observations are then taken at conven-

ient time intervals until the level remains constant over a period

of ten to fifteen minutes.

The sample is then in a supercooled condition. Actual freezing

may be brought about by tapping the tube or surrounding the freezing

tube with an ice-salt mixture at -10.0Q, A sudden rise in the tol-

uene level Indicates that freezing has began, after which the appar-

atus is immediately returned to the -3.0°C bath. One precaution to

be taken in manipulating the apparatus from the -10 to the -3.0°C

bath is to be careful that the apparatus goes back to the same depth

in the freezing bath to which it had previously been immersed. This

is done by placing a stop on the vertical rod supporting the movable

mounting. Observations of toluene level are recorded until a maximum

constant temperature reading Is observed.

From the reading of the toluene column before and after freezing,

the expansion is calculated by using the calibration equation appropri-

ate to the dilatometer used. The true volume expansion is then cal-

culated by applying the expansion correction. Finally, the amount of

frozen water is calculated from the corrected volume expansion by us-

ing the proper equation.

These operations may be combined Into one equation to simplify

calculations of the percentage of bound water:

Let S final reading on manometer
S1 = initial reading on manometer

jacket temperature = 300C

t2 bath temperature - -3.0°C



The appropriate numerical constants described and determined in

an earlier section are employed in each case.

FOR DILATOi&ETER #1

0.O1581(Sf-s) [1-o.00lo99(t2-t]Jj

0.09565W

combining terms we obtain

O.1593(Sj'-Sj)

x 100 = % water frozen

W

FOR DIITOMER #2

O 01542 ( s1.-s.) [_o .001099 ( t2-t1J

x 100 = % water frozen

0.09565W

combining terms we obtain

O.1553?(Sf-Sj)

x 100 = % water frozen

w

FOR DILATOLiu #3

O.01553(Sf-S1) [i_o.00iot2-ti

0.09565W

combining terms we obtain

.l5647(Sf-S)

-25-

x 100 % water frozen

The percent of water frozen as calculated from these eQuations,

subtracted from 100 will give the percent of the total water bound.

x 100 % water frozen

x 100 = % water frozen
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Test of Reproducibility

Since this method is to be used in further experimental work,

it was considered important to determine its reproducibility. An-

other question Which arose was whether or not the three dilatometers

would duplicate each other. This is an inportant time-saving element

where a series of samples must be determined. If the Instruments were

unable to be interchanged, any givenset of samples would have to be

determined on one instrument.

The actual experimental procedure described in the foregoing sec-

tion, was followed. Twenty grems of sand were used in these determin-

ations as a solid phase along with four grams of water. The dilatometer

expansion was determined in triplicate with each instrument. The data

are assembled in Table 8.

EERThNTAL RESULTS

The present investigation was planned in order to compare the

TABLE 8. DATA SHOWING RRODUOIBILITY OF DILATOITS

Dilatometer Det. Wt. True Expansion Mean value for
no. water expan cc. per gin cc. per gin

gins cc.

#1 1 3.9951 .3699 .09259
1 2 3.9876 .3630 .09104
1 3 3.9859 .3746 .09398 0.0925 .0010

2 1 3.9514 .3587 .09078
2 2 3.9886 .3581 .08978
2 3 3.9928 .3670 .09191 0.0908 t .0007

3 1 3.9686 .3658 .09217
3 2 3.9850 .3672 .09214
3 3 3.9887 .3758 .09422 O.O98 1: .0008

General average 0.0928 .0008
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bound water content Qf a typical arid, soil with a humid soil. For

this purpose, Gila Clay from the Tucson City Farm and Clarion Silt

Loam from Iowa were chosen.

The Gila Clay used wa the same soil which had been used for

previous researches in the department. Freezing point depressions

had shown many interesting characteristics at different moisture con-

tents in both the unpuddled (original) and puddled (mechanically work-

ed) samples. MCGeorge and Breazeale (29) used this soil in their stud-

ies on the effect of puddling on soil-plant relationships. It is also

very typical of the soils in this part of the country which are difficult

to cultivate at certain moisture contents.

The soil was obtained from the field, brought into the laboratory

and. air-dried. It was ground and xude to pass a 100-mesh sieve. Sever-

al air-dry moisture determinations were recorded so that all subsequent

determinations could be calculated on the oven dry basis.

The Clarion Silt Loam was a typical humid. soil, fairly higb .in or-

ganic matter and not perceptibly subject to puddling.

The moisture contents studied were chosen where possible, within

the range of water holding capacity and moisture equivalent of each soil.

A comparison of the moisture relations for each soil is. given below.

Soi (used) Moisture Equivalent % Water Holding Capacity %

Clarion Silt Loam (used) 27.40 45.5

Gila Clay (used) 29.04 47.8

It will be well for the reader to keep in mind that although the

moisture relations of these soils are very nearly equal to each other

numerically, a very distinct difference exists in the nature of the

colloid possessed by each soil. The colloidal fraction of the arid soil
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is inorganic, while that of the humid soil is dominantly organic.

PROCEDURE FOR THE DETERMINATION OF BOUND WATER IN PUDDLED .A1D UNPUDDLED
SOILS

1. TJnpuddled. Samples

The soil used in this study was a heavy clay from the Tucson City

Farm. It was screened and thoroughly mixed as above described. Just as

in all other soils work a representative sample should be selected in or-

der that results may be duplicated as closely as possible. The following

is a description for the determination of bound water in unpud.dled soils.

The soil sample is weighed accurately on a weighing dish and an

additional weight of soil used to compensate for the moisture in the air-

dry sample. (In most cases, ten grams of soil is sufficient. This also

makes a convenient weight to calculate for the additional weight of soil

used.)

Knowing the weight of the oven-dry soil taken, one may make up sam-

ples at any desired moisture content. The best technique found for the

actual construction of the sample was as follows:

One-fourth of the water to be used in the

sample is measured from the microburette into

the sample tube. Care must be taken not to al-

low splashings or drops from adhering high in

the tube. Half of the soil is then transferred

slowly from the weighing dish to the sample

tube by means of a powder funnel. One-half of

the water is then added and the remainder of

the sol]. transferred slowly to the tube. It

---i water

4 son

--4 water

4 soil

water

Fig. 10
Diagramatic sketch show-
ing preparation of Un-

puddled samples
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was found that if' the portions of the soil were transferred slowly, less

air was trapped throughout the sample. The remaining one-fourth of the

water is added and the sample tube set aside to come to equi1ibriuji. A.

diagrainatic sketch of the above description is shown in Fig. 10.

At this step in the procedure, if it is found that much air is being

trapped in the sample, one may introduce a weighed piece of stiff wire.

This wire must be weighed accurately in that it cannot be removed from

the system and must be a constant in the final weight. It was definite-

ly noticed that the introduction of such a wire reduced the air pockets

in the samples and allowed more even moisture distribution. In all cases,

the samples were allowed to stand for at least three days to allow mois-

ture equilibrium to be eastablished.

Throughout the investigation, other methods of preparing samples to

secure more equal moisture distribution were tried. Evacuating the sam-

ple while adding the water, as shown in Fig. Ii, proved unsatisfactory

due to the loss of water vapor and the actual loss o± part of the soil

sample. Another disadvantage of such a method was encountered at low

moisture contents in that only the upper portion of the sample could be

moistened.

In order to obtain more equal distribution, smaller alternate addi-

tions of soil and water, as shown in Fig. 10, were tried. The method

was not as satisfactory as the preceding one, in that too much air was

trapped between the water-soil layers. All of this air cannot be re-

moveã by the introduction of a wire. With such technique, a high per-

cent of error would be encountered due to the fact that many more than

four Soil transfers would be necezsary in making up the sample.
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Mter these samples are allowed to stand to come to equilibrj, if

droplets of moisture are found on the walls of the tube, they must be

blotted dry. Vhen the samples are ready, the final weight of the tube,

soil, and. moisture is recorded. From the accumulated data, the weight

and percent of moisture are calculated,

The sample is stoppered and waxed to prevent any loss of moisture

on standing. Frequently it was noticed that condensation of moisture

took place on the walls of the sample tube after the sample had been

standing. If such is the case, the sample was opened, blotted dry and

a new final weight recorded. Such an occurrence is usually due to changes

in room temperature.

Then all of the above steps have been carried out satisfactorily, the

samntile is ready to be placed into the freezing tube of the dilatometer and

an expansion measurement made.

The stopper and all wax is removed from the sample tube and toluene

placed over the soil sample in order to 'prevent loss of moisture. The

freezing tube is dried and approximately one-half inch depth of toluene

is poured. into it. The soil sample tube is then introduced on a slant

and. allowed to slide slowly into place. The toluene present in the freez-

ing tube will thus act as a cushion preventing breakage due to too sharp

a glass-to-glass contact of the freezing tube and sample tube. More tol-

uene is then introduced in order to fill the soil sample tube and the an-

nular space between the freezing tube and sample tube.

The male part of the ground glass joint is coated with the special

stopcock grease and the freezing tube attached making sure that the joint

is clear and tight. Elastic bands are stretched across the shoulder of



the stopcock, being fastened to the hooks on the freezing tube. 1Iuch

care must be exercised in this step because the only support in the ap-

paratus during this operation is the small capillary tube of the manomet-

er.

It was found necessary to evacuate all samples. due to the error in-

troduced by air. Because toluene has such a high vapor pressure, it has

proven satisfactory to cool the sample before evacuating. If samples

are not evacuated before they are frozen, air bubbles are usually forced

into the manometer tube during the period of freezing, introducing errors

into the manometer readings.

The suction tube is now attcbed to the three-way stopcock and con-

nection made with the vacuum pump. In order to prevent.excessive loss of

toluene, the toluene resevoir at thehead of the manometer should not be

filled until most of the air has been evacuated. Air bubbles may be dis-

tinguished from toluene bubbles after some time of evacuation, in that

air bubbles are usually very small while those of toluene are large. Tol-

uene vapors are usually fouhd to emanate from the annular space between

the freezing tube and the sample tube. When all of the air is evacuated,

the toluene reservoir is filled. The freezing tube is again evacuated,

this time leaving the vacuum in the tube and turning the stopcock to make

connection from the manometer to the freezing tube. This operation will

allow woluene to fill in the freezing tube. One must make sure there is

always an excess of toluene in the reservoir. By alternately turning the

stopcock from the vacuumfreOZiflg tube connection to the manometer freez-

ing tube connection one can usually expel all of the air. If, however,

any air bubbles are left between the stopcock and the freezing tube, they
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may be forced into the manometer by warming the freezing tube with the

hand. V'hen the bubbles pass through the stopcock into the manometer,

they can be drawn out by making connectjo from the manometer to the out-

side. Then the system is totally continuous, the capillary tubing between

the ground joint and the stopcock is wrapped with asbestos to prevent un-

necessary changes in temperature,

The apparatus is lowered into the freezing bath and allowed to come

to equilibrium. Water at 3000 is circulated through the manometer jacket

to keep the manometer at Constant temperature. Manometer readings are

taken at desired time intervals intervals until the system comes to equi-

libriuxri, Eauiljbrium Is manifested in such a systeia by a constant reading

of the nanometer, It is usually desirable to obtain a xonstant reading

for at least ten to fifteen minutes. The n1eniscus of the indicator liquid

may be set at any point on the manometer scale. Caution must be taken in

setting the column to its initial height since the graduated portion of

the capillary tube is only able to accommodate a volume expansion of 0.8

CC.

After the minimum reading has remained constant for a sufficient

length of time, the sample is ifozen. Some samples may be frozen by mere-

ly tappin the apparatus, This disturbs the super-cooled condition of the

sample. If tapping will not initiate freezing, a -10°C bath may be used

to start the freezing. The apparatus must be lifted out of the -3.0°C

bath and placed into the -10.0°C bath. Slight stirring of the bath will

cause freezing in about thirty seconds.

Initial freezing is noted by a sharp increase which follows a slow

decrease of the indicator liquid. when low-moisture samples are being
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frozen, one may not observe a sharp increase of the indicator licuid.

This is due to the fact that the amount of expansion initially taking

place is about the same or less, in some cases, than the contraction of

the toluene in the -10.0°C bath. If such is the case, it is necessary

to keep the sample at -10.0°C for about one minute. After this time the

sample is reomvec5. to the _3.000 bath and watched. If in time the indica-

tor liquid does not read above the minimum constant reading, the sample

must again be placed in the -10.0°C bath. An important point tO remember

in placing the apparatus back into the -3.0°C bath is that it should always

be immersed to the same depth each time.

After the sample is initially frozen and returned to the -3.0°C bath,

observations should be made until a maximum reading is obtained. This

reading should remain constant from forty-five to sixty minutes. Thile

making these readings, all temperatures should be accurately controlled.

The size and type of the sample will govern how long It will take for the

sample to reaeh its maximum expansion.

A typical freeaing curve is shown in Fig 12 in which the manometer

readings are plotted against time.

2. Puddled Samples.

In making up the puddled samples, it was found most satisfactory to

puddle them by hand. A large glass plate and a wide blade spatula cut

within one-half an inch from the handle were adequate for this purpose.

The soil to be used is weighed out on a rough balance. The investi-

gator must use his own judgement as to the amount of soil needed. It

must be kept in mind at all times that a dilatometer determination as well

as a moisture determination must be made on the soil sample. This is nec-

essary since a certain amount of evaporation inevitably occurs durELng the
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puddling process. In all of these investigations, twenty grams of soil

were found to be sufficient. The length of time of puddling should be

held constant. Ten minutes has usually been found'to be sufficient.

Then the' sample has been puddled, the desired length of time, a small

part of the sample is placed in the weighing dish and the remainder put

into the sample tube. The method of handling the sample at this step

will depend upon the amount of moisture used. If the Sample is to be

puddled at a low moisture content, that is, to where it may be molded by

hand, the sample is rolled into cigar-like shape. One of the ends of the

sample is cut off and placed in a weighing bottle for a moisture deteriuin-

ation. The remainder is introduced into the freezing tube.

If, on the other hand, the sample is at such a high moisture content

where it tends almost to flow, the treatment must be modified. The sam-

ple must be puddled the desired length of time or until moisture distribu-

tión is uniThrm. Part of the sample is picked up on a small spatula in

the weighing bottle for a moisture determination. The remainder of the'

sample is transferred to the sample tube by first placing It in tin foil

in such a manner that the foil is not rolled Inside of the soil sample.

This operation results in a cigar-like cylinder which may be easily placed

into the sample tube.

The tin foil was found to bring about premature freezing, probably

because of Its high heat conductivity. Therefore, other means of handling

such a sample were tried. The most satisfactory method was to compact the

sample Into the tube by the use of a rod. The rod was simply a piece of

brass rod and a rubber stopper. The rubber stopper was attached firmly to

the end of the rod by Inserting the rod half way into the stopper.
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The weights of both the weighing bottle and the sample tube with

their respective samples should be recorded as soon as possible. The

sample tube is filled with toluene to prevent the loss of moisture.

The weighing bottle is placed in the oven and heated to constant weight,

The sample tube is then placed in the freezing tube and attached to

the remainder of the apparatus, in the maimer described. Evacuation is

necessary as before, but less air will be found in the puddled samples.

In the process of obtaining a minimum mancmeter reading for the

puddled samples, it was almost always found that these samples would not

supercool to an equilibrium temperature of -3.0°C. In other words, the

soil sample was found to start freezing prematurely without prior freez-

ing or agitation. Since this was obviously undesirable, an air jacket

was designed to fit the freezing tube. This jacket and its attachment

have already been described,

After a minimum reading is satisfactorily obtained, the procedure

for the remainder of the determination is exactly the same as that des-

cribed for unpuddled samples.

The amount of water present in the soil sample for dilatometer ex-

pansion is calculated from the moisture determination.

TRTE iT1iCT OF M0ISTUE CONTENT ON TEE BINDING OF WATER IN SOILS

1. Unpuddled Samples.

In order to refer all moisture work to an oven-dry basis, a moisture

determination on the air-dry sample was carried out for each soil used.

In. the work done with the Gila Clay, a ten-gram sample plus the additional

weight of water corresponding to 2% moisture was used and the actual
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moisture determined by difference. The Clarion Silt Loam samples were

made up using fifteen grams of air-dry soil, the air-dry moisture (1.3%)

subtracted and tlhe percent moisture calculated from the difference in the

weights. Although all samples were allowed to stand the required length

o± time, moisture equilibrium seemed to be reached at a much more rapid

rate in the humid soil samples than in the arid soil samples.

Tables showing the results obtained are given below and the graphs

for each set of data shoa in Fig. 13, 14, 15 and 16.

TABLE 9 EFFECT OF VARYING THE TOTAL MOISTURE CONTENT
ON WATER BOTJIW BY UNPUDDLED SOILS

Sample Wt. of Water Water Water Water Water bound
soil present present frozen bound as/1O0 soil

- gnis. gms. gms.

10 5,3103

Gila Clay

53.10 69.29 30.71 16.30

2 13 487 6.4852 48.10 70.25 29.70 12.99

3 10 4.7554 47.55 63 .13 36.87 17.90

4 10 4.6112 46.11 64 12 35.88 16.58

5 10 4.5631 45,63 59 43 40.57 18.50

6 10 4. 3625 43 63 63.05 36.95 16.20

7 10 3,9897 39.89 53 11 46.88 18.40

8 10 3.5144 35.14 46.87 53.13 18.69

9 10 3.4712 34.71 38.00 62.00 21.50

10 10 3,3228 33.22 28.29 71.71 23.81

11 10 3.1538 31 54 23.97 76.03 24.00

12 10 2.9459 29.46 16.38 83.62 24.62

13 10 2 7417 27.42 28,34 71.66 19.60

14 10 2.5531 25.53 7,66 92.34 23.58

15 10 2,3226 23 23 4.24 95.75 22.20

16
Clarion Silt Loam

16 14.8 9.1253 61.6 84 98 15.02 9.26

17 14 8 8.4192 56,8 80,96 19.04 10.80

18 14 8 7.6269 51 5 82.29 17.71 .9.12

19 14 8 6.9294 46.7 78.53 21.47 10.00

20 14.8 6. 6050 44.6 79.95 20.05 9.15

21 14.8 6.1416 41.4 80,30 19.70 8.15

22 14 8 5 8460 39.5 79.46 20.54 8.10

23 14.8 5,4231 36.7 80 19 19.81 7.27

24 14.8 5.1001 33.8 79.18 20.82 7.05

25 14.8 4,9612 33.5 79.73 20.27 6.80

26 14.8 4.6760 31 6 78.77 21.23 6.72

27 14.8 4.5111 30.5 74.64 25.36 '7.70

28 14,8 4.3586 29.8 74 68 25.32 7.55
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Before discussing these data, it might be êll to point out several

factors affecting their accuracy. it is very obvious that bound water

determinations can have no significce if the samples have not reached

moisture equilibrium, If we add a certain amount of water to the soil,

we know that the initial water added must entirely wet the particle with

which it comes in contact ef ore any water will move to the next particle.

Whether the water is present in the vapor of liquid phase, it must satisfy

the equilibrium conditions of any one particle before the moisture film

passes to the next. This condition is merely the resultant of capillary

forces inherent inthe properties of the soil. The type of colloid present

and its action due to wetting is probably the outstanding cause of such a

behavior.

Figs. 13, and 15 show the dat, for the unpudd].ed arid. and humid soils

in which total moisture present in the sample is plotted against percent

bound water observed. The two curves show a very definite difference.

The Clarion Silt Loam exhibits a constant percentage of moisture bound over

a moisture range from 30 to 50%. This is not so for the Gila Clay samples.

We find, in this case, that there is an increase in the percent of water

bound as the moisture content is decreased,

The reader will notice that moisture contents of 30 to 50% approxim-

ately represent the moisture equivalent and the water holding capacity rê-

spectively of each soil. This is a very interesting basis for the hypothes-

is which follows. The moisture equivalent of a soil represents that water

which is held against 1000 times the pull of gravity. No doubt, when we

impose such forces on the moisture present, that portion of the water re-

Inaining in the capillaries of the soil is held with tremendous force. As
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we keep adding water from this point, we push the soil particles further

apart and so decrease the active capillary forces. When these forces are

decreased, we naturally decrease the force with which the water is held,

therefore, more water will exist in its natural state. Upon further in-

creasing the moisture content, we soon reach the water holding capacity

of the soil, and all water added in excess of this amount is no longer sub-

ject to the physical forces of the capillaries, However, it must not be

forgotten that this water is still active in the dilution of the soil sol-

ution which has an effect of the Colligative properties of the salution

and thus affects the amount of bound and active water. Freezing point

work and. colligative property methods of determining inactive water have

shown this to be true in many colloidal as well as crystalloidal systems.

From the above explantion one may readily interpret the unpuddled

curve of the Clarion Silt Loam. Below the moisture equivalent we find.

more water bound as the amount of water present decreases. Above the

water holding capacity we find that the water no longer subject to the

capillary forces of the soil would probably increase very rapidly. This

would therefore result in a proportional amount of free water.

The same data plotted on the basis of the absolute amount of water

bound against the percent of water present in the unpuddled soil in Fig.

16 shows that the curve is linear throughout the active capillary range

(moisture equivalent to water holding capacity). Above and below this

range we find breaks in the curve, indicating the termination of active

capillary forces on the water in the soil.

This work does not wholly agree with that done along the same lines

by Bouyoucos (5). He has reported on many different textured soil and
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finds that the percent total unfree Water is the same throughout the

range of moisture contents from 12 to 75%. On the other hand, Keen (25)

has given mathematical consideration to such results and has concluded

that, "the amount of water rendered unfree is not a constant amount, but

varies with the total moisture Content".
This conclusion is in accord

with the data presented above on the humid region soil.

Turning our attention to the arid Unpuddled. soil curves of Figs. 13

and 14, we find a very complicated problem, There Is no constan-b amount

ofbound water throughout any moisture range. The points are scattered

but indicate in general that the armiunt of water bound increases as the

moisture content decreases. This curve shows a slight break above the -

moisture equivalent and at the water holding capacity.

This result may be attributed mostly to the moisture distribution

attained with these samples. The water was added as previously described,

but moisture distribution became very uneven at approximately 35-40%. Be-

low this moisture content we find a sharp increase in the percent of water

bound. This is naturally due to the fact that all of the moisture present

is under a very high capillary strain. If it were not, it would move read-

ily and thus equilibrate itself with the soil xtiass. In the samples of low-

er moisture content, some parts of the soil actually remained dry. There-

fore, when we calculated the percent of water present some of the soil con-

tained as high as 75% moisture while the remainder of the soil might have

still been in its air-dry condition. Inasmuch as these experiments were

all preliminary studies, the data are presented to show the importance of

moisture distribution. Further work must be done to find some method for

distributing-water in such a soil at lower moisture contents.
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The data for the arid soil on the basis of absolute amount of water
bound against the percent moisture present are shown in Fig. 14. It is
evident that no definite relationship seenis to exist. If any generaliza-
tion is to be derived from the data, it is evident that the amount of bound
water per 100 grains soil decreased as the percent moisture increased.

2. Puddled Samples

The samples were prepared as described under the procedure given on

page 33, and the moisture content of each sample determined by actual

moisture deterniinatinns. Although a definite amount of soil was used in
each case to make up the total sample, the size of the sample differed be-

cause the amount of soil for the moisture determinations throughout were

of different sizes. This naturally decreased or increased the amount of

sample remaining for a dilatorneter expansion measurement,

The data for the bound water determinations are assembled in Table 10.

Graphs for the data will be found in Figs. 13, 14, 15 and 16 given above.

In these samples, moisture distribution can be considered complete: due

to the mechanical treatment of the soil in the course of puddling. There-

fore, as soon as these samples were ade up, they could be used for the

dilatometer expansion determination without the neceSsity of standing to

come to equilibrium.

The curve in Fig, 13 shows the amount of bound water in a puddled

arid soil when the percent of water bound is plotted against the percent

of moisture present. There is a definite maximum in the curve occurring

close to the moisture equivalent of the soil. In view of the fact that

this peak occurs. appraciniately at 35C/o, there are two possible explanations:

(1) The moisture equivalent may be shifted when a soil is puddled or (2)
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This point may be the true moisture eQuivalent in that the curve (same

graph) I'or the unpuddled saiIp1es shows a definite break at approximately

the same place.

T.AflLE 10 EFEOT OF VARyING THE TOTAL LIOISTtJRE CONTENT
ON WATER BOUND BY PUDDLED SOILS

Tust why the puddled soils should show this behavior is very probably

due to capillary action as explained above.

The clay parti1es have an irregular shape, id X-ray studies have

shewn that they have a plate-like or lamellar form. If the soil is not

worked, the arrangement and distribution of the particles will be perfectly

sample

#

Wt. of
soji
gins,

Water Water
present present

gins.

Water'

t1ozen
Water
bound

Water bound
gms/loo soil

Gila Clay

1 8.8651 9.14 50.6
-

40.02 58.98 29.8
2 9.2871 8.10 46.6 40.28 59,72 27.8
3 10.3679 7.95 43.4 40.01 59.99 26.0
4 9,7263 6.38 39.8 31.24 68.76 27,38
5 10.5755 6,51 37.7 27,59 72.41 27.3
6 10.1280 5.74 36.2 16.27 83.73 30.3
7 11.5522 6.47 35.9 11.91 88.09 31.6
8 11.5463 5.14 35.3 6.77 93.23 32.9
9 11.5536 6.11 34.6 .6.33 93.67 32.4

10 14.4862 5.78 33.5 6.56 93.44 31.3
11 12.7g34 6.27 32.9 7.34 92.66 30.4
12 10.3319 4.62 30.9 23,17 76.83 23.7
13 9.8173 3.60 26.8 23.30 76.70 20,6
14 7.4608 2.05 21.6 13.43 88.57 18.'?

Clarion Silt Loam

15 12.6930 10.69 45.7 55.45 44.55 20.39
16 12.9421 10.51 44.8 55.79 44.21 29,8
17 16.7665 10.92 39.5 50.38 49.34 19.49
18 17.1684 9.36 35.3 54.92 45.08 15.9
19 15.2900 6.71 30.5 52.25 47.75 14.5
20 16.2344 . 6.70 . 29.2 56.58 43,42 12.66
21 20.8349 7.82 27.3 53.48 46.52 12.7
22 18.6487 7.01 27.3 54.49 45.51 12.42
23 18.1030 5.81 24.29 52,49 47.56 11.55
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random when the moisture is added.
However, when we puddle the soil, we

force these plate-like particles
closer:' together and there is a tendency

to build up the particles into layers. As a result, the capillaries are

made smaller and thus the force with which the water is held in the soil

is increased. We therefore observe an increase in the amount of water bound

in such samples. Below this maximum for bound water in the puddled samples,

the amount of water bound decreases as the
percent of moisture is reduced in

the soil. Even though these samples were puddled as nearly alike as possible,

there is a point below which not enough water is present in the soil to cause

an arrangement of the particles such that they will bind more water, It ap-

pears probable that such a range of moisture contents may exist below and up

to the moisture eQuivalent of .a soil. At higher moisture contents, enough

lubrication of the soil mass takes place so that the soil particles arrange

themselves in the same direction and thus increase the amount of bound water.

As we keep adding moisture and working these soil particles, they no longer

are able to come as close together because more water is present between

each particle. The amount of bound water thus decreases until the capillary

potential is satisfied, above which point we find the percent of bound water

to be a constant.

Plotting weight of bound water per 100 grams of soil against total per-

cent of water present, as shovii in Fig. 14, we find that the curve has the

same genera]. form. However, above the point at which the residual capillary

potential of the soil becomes zero, the amount of bound water is a linear

function of the percent of water present and thus increases in direct pro-

portion as the ainpunt of water present is increased.
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Premature Freezing

During the above determination a very distressing complication was

experienced. The method employed depends upon the recording of a constant

minimum manometer reading before the sample is frozen. At the lower mois-

ture contents used in this series, it was round that the sample froze of

its ow accord before the entire system had cooled to its equilibrium teni-

perature. In such a case the true dilatometer expansion could not be re-

corded. In the preliminary determinations these samples were allowed to

thaw and it was noticed that upon recooling for a minimum reading, the

toluene level would settle down to a mueh lower reading than previously

recorded. Sometimes it was necessary to thaw and recool such samples sev-

eral times.

This premature freezing was thought to be caused by the instability

of the water present in such a sample. In view of the factthat there is

great stability of water in these. samples, it is apparent that the water

is present in a higher moisture content due to the fact that the moisture

present is held more firmly by the capillaries of the soil. Such reason-

ing is probably correct, however, it is easy to overlook the fact that in

such an arrangement there may be a great number of points present, from

which ice crystals may readily start. If the system were a continuous

liquid mediuni, the only points for.crystallization to start would be on the

sides of the sample tube or at the top of the sample.

The distressing fact was that this unfavorable condition was caused by

factors which could not easily be controlled. Other factors such as rapid

heat conductivity and. mechanical vibrations, which might have favored such

an action, were reduced to a saninium. Vibrations were found caused by the
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stirring motor on the freezing bath, and the circulating pump on the con-

stant temperature bath for regulation of the manometer jacket. To eliniin-

ate these vibrations, the stirring motor of the freezing bath were removed

and mounted on an individual stand, so that there would be no direct con-

tact with the freezing bath. The constant temperature water bath was niount-

ed on rubber pads to eliminate as much of the vibration as possible.

These precau:bions did not seem to completely ±eraedy the condition of

premature freezing. The next step was to cut down the rate of heat con-

duction. This factor was suggested by preliminary experiments which had

been tried with emery powder and lead shot. With pure water present in a

continuous medium, the samples were found to freeze prematurely. An attempt

was made to remedy this by means of an air jacket around the sample. For

this purpose, cylinders of shixnni brass, six inches long and one nd one-

half inches in diameter, were constructed. Such a jacket allowed a slow

flow of heat from the sample. Even under such conditions, some samples

still froze of their own accord before reaching a constant minimum reading.

An experiment to follow, which involved altermate freezing and thaw-

ing of such smmples, brings out the fact that the amount of free water in-

creases with the number of times the sample is frozen. The points of the

puddled curve in Fig. 13 which occur near a maximum, vQere determined sev-

eral times without the occurence of premature freezing. Those samples

whcih did show this tendency were not recorded in this work. Even though

some of the samples both below and above the peak were found to freeze pre-

maturely, the trend of the curve is so definite that the writer believes

any error due to freezing and thawing is more than compensated for in the

differences found..
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The data in Table 10 and. curves in FIgs. lb and 16 for the puddled

determinations of the Clarion Silt Loam shows a very different trend than

that of the Gila Clay as seen in Figs. 13 and 14. The Clarion Si1 Loam

binds a constant percent of water throughout the moisture range studied.

The fact that the points do not fall exactly on the line may be due o ex-

perimental error. Puddling this spil usually produced. a fluid. mass of soil

and water until the moisture ontent was substantially reduced. At these

higher moisture contents, there may have been a lack of agreement between

the moisture content initially taken and that found. by actual moiture de-

terminations on the sample. This is probably the main reason that the

point at 39.5% shows such a deviation from the line.

The outstanding point to be noticed. in Fig. 15 is the comparison of

the amounts of bound water in the puddled (mechanically worked) and unpud-

dled state of the same soil. There is actually an increase of 25% of bound

water in the Clarion Silt Loam samples when they are puddled. This means

that-the soil particles must arrange themselves in such a fashion that the

capillary potential of the soil is Increased. It might also be explained

in the light of the micro-capillaries present in the soil particles. Then

water is allowed to stand en a soil without puddling, these micro-capillar-

ies may containair and. for that reason not fill up with water; hence a

certain amount of the moisture present is not under the strain of capillary

tension. However, when the same soil is puddled, the water is actually

worked into these micro-capillary pores, thus binding a great deal more

water that the soil in its natural unpuddled state.

Fig. 16 shows the data plotted for Clarion Silt Loam in terms of grams

of water bound per 100 grains of soil against the total water present. Two
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straight lines of positive slope are obtained and throughout the range we

find a constant percentage of water bound in each case. The difference

in the slope is a result of the constant amount of water used in each case.

The sharp break in the curve at approximately 32% is the point at which

the moisture distribution was found to become uneven in the samples. The

slight break above 45% indicates the termination of the capillary action

upon the moisture present.

1F.JCT OF Tflfl ON THE AMOUNT OF BOUTD WATER
ON A PUDDLED AID UNPUDDLE ARID SOIL

The factor of time was initially investigated to determine the length

of time unpuddled samples should be allowed to stand before the dilatometer

expansion measurements should. be made. Later, it was realized the the slow-

ness with hicb moisture equilibrium is reached would be influenced by the

amount of moisture present in the sample. It was accordingly decided to

compare the effect of time on puddled and unpuddled samples. The experiment

was carried through using unpuddled samples of Gila Fine Sandy Loam and pud.-

died. samples of Gila Clay. Although these samples are substantially differ-

ent, they are both of the same series and are typical of arid soils.

The series of unpuddled samples was prepared very early in the experi-

mental work and thus a longer period of time elapsed between the final re-

sults of each series. The samples in each case were prepared and allowed

to stand the desired length of time.

In view of the fact that moisture distribution was not reached very

rapidly in the unpuddled samples, it did not seem desirable to cover the

sample with toluene. In some cases, a condensation of water vapor was

found to occur on some of the puddled sample tubes. If such was the case,

the moisture was removed and the total sample reweighed. The final weights
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were used in. calculating the amount of bound water present.

The puddled samples, believed to have reached moisture equilibrium

as soon as puddling was completed, were Covered with toluene to prevent

any condensation of water vapor on the sides of the tube. These puddled

samples were prepared from one large sample, thus all contained the same

percentage of moisture.

The data for both series is presented in Table 11.

TABI 11 EFCT OF TIIfl ON Ti8 1OUNT OF 1/L&TBR BOtJ1'D
BY A PUDDLED A1D TJI\rPUDDLED JRID SOIL

Sample Wt. of
soil
gins,

Wt. of
water
gins,

Percent No. of
water days

standing

Water
bound

Water
frozen

Gila Fine Sandy Loani

1 15 4.6909 31.3 1 25.34 74.66
2 15 4.4442 29.6 2 27.53 72.47
3 15 4.4436 29.6 3 26.33 73.67
4 15 4.4661 29.7 5 24.68 75.32
5 15 4.4628 29.7 7 21.33 78.67
6 15 4.4622 29.7 12 29.08 70.92
7 15 4.4686 29.7 19 26.21 73.79
8 15 4.4645 29.7 28 27.93 72.07
9 15 4.4515 29.7 60 29.76 70.24

10 15 4.5327 30.9 1 28.47 71.53

11 . 15 4.4?94 29.8 2. 29.38 70.62

12 15 4.4582 29.7. 3 33.74 66.26

l3 15 4.4489 29.6 5 26.32 73.68

14 155 4.4744 29.8 7 26.63 73.37

15 15 4.4601 29.7 12 26.49 73.51

16 15 4.4635 29.7 19 24.61 75,39

17 15 4.4691 29.7 28 23.94 76.06

Gila Clay (Puddled)
18 13.724 9.31 40.4 0 60.43 39.57

19 11.984 8.14 40.4 3 27.21 22.79

20 11.615 7.87 40.0 10 66.74 33.26

21 12.915 8.79 40.4 17 59.13 40.87

22 11.107 7.54 40.4 24 58.82 41.18
23 10.882 7.23 40.4 42 60.36 39.64
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In table 11 and graphl7 represen-tirg the data for the unpuddled soil

samples there is no definite trend for the amount of bound water either to

increase or decrease. Nevertheless, there is a range in which the percent

of bound water seems to dominate. The reader must not forget that each of

these samples had to be prepared separately and in so doing, the experimen-

al error maybe greater due to variations from sample to sample. It may

be concluded from the data and graph, that time does not seriously affect

the amount of water bound in an unpuddled arid soil sample.

Observing the data and the graphin Fig. 17 recorded for the puddled

samples, we find a definite tendency for the amount of bound water to de-

crease as the length of time is increased. These samples have been mech-

anically worked (puddled) and thus more water forced into the colloids

present than the colloids themselves will normally hold. Allowing such a

system to stand, we conceive that water may be forced out of the gel

phase, if' such a phase is present, until the colloids present possess only

that equilibrium amount of water which their natural forces allow them to

hold. The water forced out is subject to capillary tension, but this

tension as seen frOm the results 'is not comparable with the forces that

hold the same amount of water in .a supersaturated gel condition. As a re-

cult, we naturally find an increase in the amount of boundwater measured

by such a method. From this reasoning it might be concluded -that the water

rendered uiffree by, some kind of gel formation in arid soils, is held with a

greater force than that which is present in the capillaries of the soil.

At this point it might also be well to call to the attention of the

reader, the first sample in this experiment. This was the determination of

bound water at Z tjme. Unfortunately, the sample did not supercool to
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an equilibrium temperate, and premature freezing occurred. However, a

dila-tometer expansion was recorded for this sEixaple after thawing and re-

freezing. As seen from the graph and data, the amount of bound water had

decreased markedly. In fact, it had almost decreased to the value found

after allowing the samples to stand for seventeen days. In other words,

standing for a period of time accomplishes the same result as does freez-

ing and thawing in a puddled arid soil.

CT OF TEEZING AND THAWING ON THE OUNT OF
BOUND WATER IN N ARID MD HUMID SOIL

The following experiments grew out of the unfavorable condition of

premature freezing discussed in a preceding section.

Since some samples froze of their own accord, the effect of such a

condition on subsequent determinations of the same sample was studied.

After a great amount of tedious work, we were finally able to secure

initial freezings on the puddled Gila Clay at lower moisture contents

without the experience of premature freezing. These determinations were

used in the curve shown in Fig. 13. To determine the effect of freezing

end thawing upon the amount of water bound in such samples, the dilatometer

was left intact, and the freezing tube and sample allowed to thaw at room

temperature. Such a procedure was followed six times in succession and

the effect determined on the amount of water bound.

An identical experiment was carried out using the Clarion Silt Loam

sample of 29.2% moisture.

The most striking results as seen from Table 12 are the differences

in the minimum reading of the manometer after each freezing until the amount

of bound water becomes constant. The determinations were carried out using

the same piocedure as described on page 23. By this techniclue presumably
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TABLE 12. EFFECT OF FREEZING AND THAWING ON TFIE AMOUNT
OF VATER BOUND IN iIJDDLED SOILS

No, times Total Wt. of Iviin. Max.
frozen moisture oven Rdg. Rdg.
and present dry soil from from

thawed gras. 0 0

Water Water Water
frpzen bound bound

/ioo gin, soil
gins.

all of the air present in the sinp1e was removed by evacuation. Upon freez-

ing and thawing, no air bubbles were found and no toluene was lost from the

apparatus which might have been responsible for the decrease in the nianometer

readings of the first three consecutive determinations. As a basis for an

exp].amation of this phenomenon, we must conc1u that a volume change takes

place in the sample itself.

Bouyoucos (7) has found that alternate freezing and thawing increases

the granular structure of a soil. Since granular structure is directly re-

lated. to puddling in soils, his work correlates closely with the results

Gila Clay

5.78 11.59 14.09 6.56 93.44 31.3
5.78 1.12 11.50 27.27 72,23 24.39
5.78 -3.12 10.79 36.54 63.46 21.22
5.78 -7.6 6.50 38.03 61.97 20,75
5.78 -7.65 6.38 37.71 62.29 20.81
5,78 -7.65 6.43 37.85 62.15 20.80

6.11 13.30 16,04 6.33 93.67 32.4
6.11 2.79 14.92 31.06 68.94 23.83
6.11 0.89 13.94 33.42 66.58 23.03
6.11 -2.41 11.37 35.29 64.71 22.40
6.11 -2.5 11.28 35.29 64.71 22,40
6.11 -2.44 11.19 34.91 65.09 22.55

Clarion Silt Loam
6.70 10.54 34.94 56.58 43.42 12.66
6.70 10.72 34.99 56.28 43.72 12.79
6.70 10.78 35.27 56.79 43.21 12.60
6.70 10.82 35.20 56.53 43.47 12.65
6.70 10.87 35.21 56.44 43.56 12.72
6.70 10.79 34.96 56,05 43.95 12.81

1 33.5
2 33.5
3 33.5
4 33.5
5 33.5
6 33,5

1 34.6
2 34.6
3 34.6
4 34.6
5 34.6
6 34.6

1 29.2
2 29.2
3 29.2
4 29.2
5 29.2
6 29.2



found in this study.

Before giving a possible explanation of such findings, the reader is

referred to the graph plotted for these data in Fig. 18. The amount of

bound water shows a definite tendency to decrease with the number of times

that the samples are frozen and thawed. Water must, therfore, be forced

from a inactive state to an active state during the process of freezing

and thawing.

The samples used for this study were two such samples that showed

binding of approximately the same amount or water when initially frozen.

However, when each attained its constant amount of bound water as shown

in the curve, the sample containing 34.6% moisture was found to bind ap-

proximately 3% less water than that sample comtainjng 33.5% moisture. An

explanation of this action is very difficult due to the limited experimen-

tal data available. This effect is a function of the gel phase which is

probably present in such a system,

Upon puddling the soil at any given moisture content, we work the

moisture into the highest possible state of gel formation besides bring-

ing the plate-like particles as close together as possible. Both actions

result in a maximum amount of water bound. Cooling such a mass to _3.000,

does not rearrange the soil particles bit when the sample starts to freeze

many forces are set up. Thare Is the tendency for the water present to

form ice crystals; these ice crystals may push the single soil particles

in every direction, mainly causing them to separate; and we have ice crys-

tals pulling water out of other systems where the potential force of crys-

tallization is greater than that with which such water is held. This is

truly a dynamic ssteni about which very little is definitely known. Such
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freezing out of water from the gel phase is thus a partial dehydration of

the gel with the separation of the free water.

When the initial measirement of the amount of bound water is made,

it represents the water which has been converted from the bound to the

free state due to these forces. We thus have a transfer of water from

the gel phase to the capillary state and the capillaries of the soil en-

larged. Water is very probably bound with a much greater force in the

gel state than in the capillary state in any System which is subject to

gel formation. Upon thawing at' room temperature and Supercooling to the

original temperature of _3.000 the col].ojds of the soil which had swelled

so greatly due to the incorporation of a tremendous amount of water have

lost some of this water due to the formation of ice crystals. That is,

the water has been literally pushed out of the gel phase and upon thawing,

the absorptive action of the colloids themselves are not again able to in-

corporate the amount of water which was originally present as a result of

puddling. The colloidal portion of the soil thus shrinks and upon cooling

the system to _3.000 we find a decrease in the voidme of the sample, as

shown In Fig. 19. Even though the amount of water forced out from the

initial gel results in a volume change, it does not represent the same vol-

ume when Incàrporated with the colloid.

From this ecuilibrium temperature of _3.000, we again freeze the same

sample. We find that the amount of bound water has decreased very greatly.

This Is explained on the basis of an increase in capillary water which is

held with less force than the water held in a gel form. Thawing again, a

decrease in the manometer reading at the eq,uilibriurn temperature is again

observed. Upon freezing, more water is rendered free. Such a series of
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observations is continued until we find that the manometer readings remain

constant when the sample is allowed to thaw and be recooled to the equili-

brium temperature of -3.0°C. lJhen this happens, we also find that a con-

stant amount of water is bound by the sample,

Another important observation was made in connection with freezing

and thawing. After the sample had been subjected to these conditions sev-

era]. times, it was noticed that the column of soil showed a pitted surface.

Upon further examination, these pits were actually found to be due to an

exfoliation of the outside of the sample. One could also see large cracks

along the longitudinal axis of both samples where the soil mass had been

pushed aparb due to the wedging action of the freezing of the ice.

Table 12 and Fig. 18 also present data for the Clarion Silt Loam sam-

ple subject to the same condltidns. No change in the minimum manometer

reading was noted at the equilibrium temperature of -3.0°C. Similarly, no

preceptible change was noticed in the amount of water bound after a series

of freezing and thawing. This means that no change in the state of water

had taken place in the sample due to the formation of ice crystals as was

experienced in the sample of the Gila Clay. Water was thus forced into

the micro-capillaries by the mechanical treatment, but it remained bound

even after the water had frozen and the ice melted several times. There-

fore, it appears that water present in such a state as observed in the

Clarion Silt Loan is in a stable and. non-dynamic form.

Ji112CT OF EXCHANGEABLE EASES ON ThE AMOUNT OF WAThR
BOUND IN A PUDDLED AiD UNPUDDL1) ARID SOIL

In order to study the relation of bound water to the hydration of dif-

ferent exchangeable ions and the structure imparted to the soil by these
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ions, several samples of the Gila Clay were prepared by treating 250 graiiis

of the soil with approximately iN Solutions of acetic acid, calcium ch].or-

ide, magnesium acetate, copper sulfate, potassium chloride, sodium chlor-

ide and anunoriluni acetate. The soil was shaken with 500 cc. of the solution,

allowed to stand and the supernatant liquid removed by suctin. This pro-

cedure was carried out several times until the samples were saturated with

their respective ions. The samples were then filtered through a Buchner

funnel and allowed to dry over night. All of the above samples dried out

In hard cake-like form. The samples were then crushed with a roller, but

not ground further to pass a 100-mesh sieve.

In view of the fact that the soil being used showed many interesting

characteristics of bound water at the moisture equivalent and water hold-

-ing capacity, the amount of water corresponding to these points was used.

as nearly as possible in making up both the puddled and unpuddled samples

for this experiment. The data showing the effect of the exchangeable bases

on bound. water are presented in Table 13.

Bouyoucos (3) in his studies of bound water s effected by the addi-

tion of different salts was not able to obtain any great difference when

certain types o± soils were treated with different N/b salt solutions by

his method. On the other hand, normal solutions of these same salts added

to the same soil did show a considerable difference in the amount of bound

water. He found that the greatest increase in bound water was caused by

Na Cl followed, in decreasing order, by Ca Cl2, Na No3, Ca(No3)2, KC1,

(1H4)2so4 and CaH4(PO4)2.

No attempt will be made to correlate the present data with those of

Bouyoucos mainly because of differences in the technique employed. s
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pointed ot by previous work, mechanically working a soil definitely

changes its moisture relations.
]3oUyoucos (2) puddled most of his sam-

ples in an attempt to remove the air. This is indicated by his descrip-

tion of the method: "after the Soil was placed in the bulb, the latter

was completely filled with ligroin.
For expelling the air the soil was

stirred with a rod until bubbles ceased
to appear at the top. The pro-

cess of stirring proved to be quite efficient
in facilitating the re-

moval of air". Such procedure can hardly be comparable to that used in

the present study. Therefore, no correlation of results would be possible

in this case.

Data Which might enlighten the reader on results obtained in thiã

study appear in the following table.

The above table was assembled from lenny (23), laeger(22), Goldschiuidt

(17), Bragg (10), and Riesenfeld and Reinhold (40). The value hr2 was

calculated in the belief that the tendency to attract water molecules is

inversely pôrportional to the radius of the hydration shell of the ion.

It is thus a measure of the intensity of the electric field surrounding

the ion.. No doubt valence also plays its part in the amount of water

carried by each ion.

TBI 14. PROPERTIES OF IONS USED IN RELATION TO
WATER BOUND BY GILA CLAY

Ion Energy Order Atomic Crystal 1 Water
of of wt. Lattice bpund %

exchan,e exchane radius 32.2° 49.5

Cu 63.5 0.96 1.085 82.42 54.09
H 58.1 17.0 1.0 1.27 0.619 78.8 60.28
Ca 48.1 14.0 40.7 1.05 0.874 59.46 58.31
Mg 29.8 8.0 24.32 0.78 1.645 70.81 59.46
NH4 11.4 3.2 18.0 1.43 0.489 67.6 49.26
K 9.9 2.8 39.0 1.33 0.566 64.82 36.04
Na 6.1 1.7 23.07 0.98 1.04 70.39 33.76



-57-

In conjunction with the amount of water bound by soils saturated with

different ions, an experiment
was carried out to determine what effect these

ions had on the moisture equiva1en and water holdingeapacity of the soil.

Although no significant results
were obtained for the G-ila Clay, an inter-

esting observation was made while these samples were allowed wo stand in

water.

The samples were prepared for the
moisture determinations by weighing

twenty-five grams of soil into a Gooch
crucible with a disc of filter paper

on the bottom to prevent the loss of soil. Each Soil was thus placed in a

pan of water, the level of which was just below the top of t]e crucible.

The length of time necessary for the water to reach the surface of each sam-

ple was recorded and the data tabulated as shown below.

TJBLE 15 EFFECT OF EX0HANGEABLE BASES ON TTh5E OF
WETTING OF SOILS

Soil Used Time in Mm.

The data presented in Table 13 may now be discussed. Let us first

coiipare the data found in this study for the puddled and unpuddled soils.

Clarion Silt Loam 8.5
Clarion Silt Loam 9.5
Gila Clay Samples

H (saturated) 30
Cu (saturated) 32
H (saturated) 35
Cu (saturated) 42
Ca (saturated) 49
Ca (saturated) 50

Mg (saturated) 60

Mg (saturated) 73

Gila Clay (original) 125

Gila Clay (original) 152

K (saturated) 245

K (saturated) 253

Na (saturated) Wet after 12 hours in

vacuo.
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In all cases, we find an increase in the percent of bound water for the

puddled samples except in the case of those saturated with sodium and

potassium. However, if we direct our attention to Table 15, we notice

that the potassium and sodium samples were the last to show any presence

of moisture at the surface to their respective amples. This was in agree-

ment with the samples used for the
dilatometer expansion measurement in

that the saturated soils of sodium and potassium never reached moisture

equilibrium. For this reason these results are not comparable.

The amount of water bound, in terms of grams per 100 grams of soil

in the puddled samples show more of a comparison than do the unpuddied

sample . This is to be expected in that we have satisfactory moisture

distribution in this series. Although no definite correlation can be

madewith the amount of water bound and nor with the Hofmeister or lyo-

tropic series, it can be seen that the samples saturated with the dival-

exit ions have bound a greater amount of water than those saturated with

the monovalent ions.

No significant results were obtained for water bound at the moisture

equivalent and water holding capacity after saturating a sample of the

soil with a particular ion. Therefore, it is very difficult to say just

where such a sample should fall in the curve as presented in Fig. 13. In

other words, although the moisture contents used for the study are approx-

imately within the range of the moisture equivalent and water holding cap-

acity, the breaks in each curve occurred within a very narrow range. There-

fore, it is difficult to state definitely the nature or magnitude of the

effect.

Ta1e 14 presents such a compilation of data which are presented to
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throw some light on the magnitude of the amount of water bound in the

soil samples saturated with different ions. In the light of the limit-

ed data, no correlation of bound water with the size of the ion, the

ratio l/r2, atomic weight, etc., could be obtained.

The study of the moisture changes which accompany the process of base

exchange is a very complicated problem. Jenny (23) has definitely shown

that the mechanism of base exchange is closely linked with the hydration

of the different ions taking part in the reaction. Although the hydration

of ions has been under investigation for a long period of time, no reliable

data have been published on the hydrodynaniic radii of the ions used in this

investigation, nor do we know the true amount of water associated with a

given ion either in solution or in the base-exchange complex. It probably

involves electrostatic Thrces of varying xnagiitude., and the treatment of

the problem will, by the very nature of the phenomenon, have to be largely

statistical.

DISCUSSION

From the experimental work presented above, bound water as measured

in the soil by the dilatometric method, racy be interpreted on a partially

quantitative basis. Although the work is to a large extent preliminary,

and will be extended by extensive, research to follow, the results obtained

are in some respects in agreement with, and in others contrary to the quan-

tiative data published in the literature on bound water and related sub-

jects.

The work done in this series of experiments on the binding of water in

a soil in the puddled and unpuddled states, is the first serious attempt

recorded which seeks to show that puddling results in the binding of water.

I. 7'f4
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The curves obtained in Figs. 13 and 14 for the puddled samples of Gila

Clay, exhibit a definite maximum at approximately the moisture equivalent

of the soil. McGeorge (28) has definitely shown that typical arid soils

possess a maximum settling volume at or in the immediate vicinity of the

moisture equivalent

with the maximum of the curve

means that the $011 particles

film of water. If we reflect

of a soil. This result might be in some way correlated

found in this study.

are highly dispersed

this picture against

A high settling volume

and separated by a large

that of bound water, it

is conceivable that such s mass might exist in a. characteristic gel state.

This gel state definitely binds more water than a true capillary medium in

the absence of any gel whatsoever.

In the comparison of humid ard arid soils in the puddled state, we

notice that no breaks are apparent in the curve for the humid soil. On

comparing the freezing and thawing experiments on such a soil, we find

the humid soil exhIbits a constant amount of bound water after being sub-

jected to a number of freezings and thawings, thile the water boundby an

arid soil under similar conditions is found to decrease. This result def-

initely agres with that found by Jones and Gortner (24) in their studies

of different gel systems. The humid soil possesses the ch5racteriStics

of an elastic gel while that the arid region is definitely character-

istic of the non-elastic gel. That such gel actually exist in the soil

at these moisture contents seems to the writer to be a tenable hypothesis

to explain why water should exhibit such binding when added to a highly

colloidal soil. We must also realize that the binding of water is a re-

sultant of manu micro-forces which in turn are due to the properties of

the total soil mass.
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The recent theories of thixotropy and rheopexy as described by

Freundlich (16) may have a direct bearing in the bound wter problem of

soils, especially those of arid, regions. Freundlich (16) describes the

case of a silicic acid gel in work done by W11lsttter, in which water

is actually squeezed out of the gel because of polymeriza±jon of the mono-

and di-silicic acids. Such a phenomenon has been found to result in an

increase in volume. In our work we have experienced just the opposite

effect during freezing and thawing. In other.words, an actual shrinkage

in the volume of the sa&p1e is observed, and accompanying this volume

change we find an increase in the amount of free water. No doubt this

recent work referred to by Freundlich (16) is in some way related with

the results obtained, in the freezing and thawing experiments as well as

those obtained on allowing puddled arid soil samples to stand for differ-

ent lengths of time. When a soil is mechanically worked, we not only re-

duce the size of the capillaries in the soil, but also distort the hydro-

philic soil colloids by forcing water into their interstices. This is

no doubt an unstable form which will tend to rearrange itself to a more

stable configuration.

Hauser and Reed (20) have shown that imposing temperature changes on

a bentonitic gel, changes the thixotropic properties of the gel. That is,

different setting times are recorded for different temperatures.

In view of the fact that the soil is such a complex mass and differ-

ent soils vary greatly ccOrding to their silica;sesquioxide ratios, par-

title size, amount of organic matter, and ther constituents which may have

an influenee UPOn the bound water in the soil, these individual constituents

should be studied alone by using material synthesized in the laboratory or
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separately from the soil which the investigator believes might be more

or less a duplicate of that portion found in the soil. After conducting

such a study in a systematic manner one may be able to state more definite-

ly just what takes placewhen the water present in any given soil fails

to freeze. Thether this phenomenon be due to gel formation, capillary

potential, solution, or a combination of many other factors in the soil,

is yet to be established on the basis of accurate data obtained with

mere reliable methods of investigation in the field of bound water.

In conclusion, it is impossible for the author to define bound water

in any other fashion than in terms ol' the experimental method used, name-

ly: "that water which fails-to freeze at -3.0°C (by the dilatometric meth-

od employed) after being supercooled to -3.0°C in the form in which such

water may be present".

STThARY

A new dilatometer has been perfected for the accurate determin-

ation of bound water in soils.

A comparison has been made of the amount of water bound by a

typical arid and humid soil under different ôonditions. In general, the

arid soil is found to bind more water at any given moisture content than

the highly organic humid soil.

Puddling is found to increase the amount of water bound by soils.

When an arid clay soil is puddled at different moisture contents, the bound

water curve passes through a maximum at a point in the range of the mois-

ture eciuivalent. In a humid soil puddling increases the amount of water

bound over that bound by the unpuddled soil, but it is constant throughout

the entire range of moisture contents.
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4. In a puddled arid soil, the amount of water bound decreases

with the ttme of standing. In the unpuddled state such a soil showed

no marked change in the amount of water bound. This might have been

due in part to Uneven moisture distribution.

In a uddlod. arid soil alternate freezing and thawing is found

to decrease the amount of bound water. No such effect is observed in a

puddled humid soil.

An arid soil aaturated with different uni-and. .di-valent cations

gave amounts of bound water which though markedly different in the un-

puddled state, gave no correlation with the Hofmeister or lyotropic ser-

ies. However, the puddled samples saturated with the di-valent ions

were found to bind more vater than the uni-valent ions with the exception

ofthe hydrogen ion.

The foregoing evidence concerning bound. water in arid soils can

be interpreted by assuming the existence of a thixotropic non-elastic gel.

Humid soils, on the other hand, show evidence of elastic gel-formation:

which accounts for the bindingof water in such cases.
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