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RATE OF FLOW OF CAPILLARY MOISTURE**
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INTRODUCTION

The rate of flow of moisture through unsaturated soils is o probiem
that has attracted o grest deal of interest nmong soil investigators.
it is of direct importance i farm operations for many reasons and is
of great technical interest becnuse of its indirect bearing on other
problems.

Perhaps the question that hias been most generally considered is
the loss by direct evaporation from the surface of the soil and the
effect of cultivation in preventing that logs. This problem has been
attacked by both field and laboratory methods and somewhat con-
tradictory results have been obtained.

A second important problem is that of supply of soil moisture to
plant roots. The relative importance of the movement of moisture
through the soil to the absorbing roots and the movement of roots
through the soil to the moisture supply has been debated at con-
siderable length in technical literature.

It is generally recognized that water is held in the soil above the
upper surface of the zone of saturation {the water table) by capillnry
force. The soil zone so moistened is known as the capillary fringe.
Some of the earhier investigators considered the movement of moisture
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from the zone of saturation into or through the capillary fringe to
the root zone to be of very great importance and thought that it
might take place through distances of many feet. More recently its
importence has been denied and some workers have held that the
roots must always go to moisture rather than that moisture may move
to the roots. Conclusive evidence as to the real importance of the
movement of capillary moisture has not been available.

In mrigation practice capillary movement is important in at loass
three ways. In furrow and corrugation irrigation the lateral movement
of moisture through the space between the furrows is essential to the
moistening of the root zone. In many cases the raie of this move~
ment is the governing factor determining the length of time d uring
which water must be applied. The downward movement of moisture
under the combined influences of gravity and capillary forces is also
of prunary importance. The possibility of producing maximum crops
under irrigation without permitting the loss of water by decp per-
colation is bound up with this question of the rate of flow of capillary
moisture. The third phase of importance in irrigation arming is the
upward movement of moisture carrying dissolved salts. This move-
incgb accounts for the accumulation of alkali at the surface of irrigated

ands.

If, as scems entirely possible, the rate of movement of moisture
through the soil to the roots is a6 times the limiting factor in plans
growth, it is probable that a knowledge of the ubility of soils to transmit,
w:'].}ter will furnish another criterion of the agricultural value of different
soils.

The foregoing may be considered the more immediately practical
phases of the problem. There are, in addition, some fundamental
guestions that need further study. These are particularly concerned
with studies of the capillary potential and the capillary conduectivity
of different soils.

In the range between the field capucity and the wilting point,
methods heretofore used have not yielded satisfnctory data as to
the value of the capillary potential. The vapor-pressure method is
useful with moisture contents below the wilting point. Above that
point moderate increases in moisture content result in extremely small
decreases in vapor pressure. This fact raises considerable doubt
regarding the shape and position of the moisture-content versus
capillary-potential curves as they mny be determined by the vapor-
pressure method in the moister soils, The porous cup method is
useful with very moist soils, but it hus been found incapable of
obtaining values with soils much drier than the field capacity. It
is obvious that the intermediate zone (between the wilting point and
the field capacity) is of primary importance in studies of plant-soil-
water relations.

The capillary potential is an expression for the force with which
moisture is held at a given time and at a particular point in the soil by
capillery action. As used in this bulletin it may be defined as the
work performed by the capillary force in moving & unit mass of water
from & free water surface to the point in question. Sinece no values
are given if is not necessary to fix the units or determine whether the
potential is positive or negative. The capillary-potential gradient
is the rate of change from point to point of the capillary potential.

The capillary conductivity of the soil is a measure of its ability to
transmit water when in an unsaturated condition. The capillary-
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conductivity factor as used in this bulletin may be defined as the ratio
of the rate of flow of moisture in an unsaturated soil to the capillary-
potentia} grodient, Here again no vslues sre given and the units
need not be specified.

Certain theoretical studies of the shility of soil to transmit moisture
in capillary form have been made and a few values for the conductivity
factor have becn secured.

Heretofore, miost studies of eapillary movement have been oased
on the movement of moisture from a free water supply or & moist soil
into air~-dry soil. Obviously plants do not grow In air-dry soil, und
the movement of moisture into such soil is of comparatively little
importance in actun]l farm operations. A smaller number of studies
have been made of the movement into soil containing some moisture,
but seldom have soils moist enough to support rapidly growing erops
been used. Moreover, most of the experiments concerned the maxi-
mum distance through which moisture would advance into the dry
soil and the rate at which that advance would take place. In most
instances no attempt has been made to evaluate the actual quantity
of water flowing through soil of any particular moisture content.

The ability of a soil to transmit water to the absorbing roots may
be compared to the ability of an aquifer to yield water to a well.
~ In either case the total quantity of water held may be very great, as

may be also the available capacity in the one case and the specific
yield in the other, but unless the ability of the soil or the aquifer to
transmit water to the point of use is reasonably high, neither the plant
roots nor the well will be satisfactorily supplied.

In this investigation, the actual rate of How of moisture, under the
influence of capillary forces acting in soil colunns of difierent and
varying moisture contents (chiefly between the wilting point and the
field capacity), has been measured. This range s obviously of

aramount importance in agriculture but has been generally neglected
in other studies. Measurements have been made on several soil types
and on soils tuken from different depths. The effact of gravitation on
capillary flow has been measured and will be used in determining
the capillary potential and transmission factor.

OTHER STUDIES

The importance of a knowledge of the rale of the captllavy flow was
recognized early in the modern pertod of soil research in the United
States. Briggs and Lapham (8) say:

Further, in order to distinguish in the ficld between the effect of extensive root
systems and capillary action, it is necessary to know the maximum limit of
capitlary aclion in a given moist soil together with the rate at which water can
he supplied under given conditions.

They carried on some experiments with a fine sand in which 1.09
ce of water per square centimeter per day was lifted 85 em from a
free water surface and evaporated at the surface. The sand trans-
mitted 0.15 cc per square centimeter per dey through a column 165
¢m high, but did not move any water through a height of 180 em.

Livingston and Koketsu (32) were also impressed with the im-
portance of the water-supplying power of the soil. They devised the
soil-point method of measuring this value. The fact that they defined
the length of time during which the soil point should be kept in eontact

1 Haole numbers in parent heses refer {o Literature Cited, 10 27,
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with the moist soil indicates that they recognized the dynamic
charpeter of the problem.

Recently, Magness (37) hus reiterated the importance of this
problem. He says:

We need much more evidetice o the rate of capillary moevement of moisture in
poils of different textures, I seems probabie that the rate at which water is
supplied to roots by the soil depends in considerable part upon the rate of this
capillary movemeni. Thus, & heavy soil will apparently supply water more
slowly but for & longer period, while a light soil may supply water much more
rapidly with the available supply being rather quickly used up by the trees.

The distance through which water may be expected to move by
capillary action has been the subject of study by many investigators.
King (29, 30) devoted several pages to the subjeet (30). He reported
an extreme case where quartz sand raised 4409 surface inches of
water through o distance of 6.75 inches in 24 hours, There was some
loss from u depth of 10 feet, and rates of rise from free water of 1 or 2
pounds of water per square foot per day through 1 to 4 feet of a fine
sand and » clay loam. From shallow depths the rise was at o greater
rate through the sand but almost the same through both soils from a
depth of 4 feet. No data were reported as to the moisture content of
the soil. King concluded that capillary rise through a few feet is of
importance but not sufficient to meet the needs of crops.

MecGee (34) concluded that the ground water at an average depth
of about 30 feet in the piains section of Xansas supplies 5 to 10 inches
annually of water to crops. He believed that this water rises to the
root zone by capillary action. In another publication {33} he con-
cluded that “ * *  * moisture will move under capillarity with
sufficient freedom to affect the growth of crops from a depth o 3 to 4
feet.”

More recently, thoughs slong this line iias gone o the other extreme
and many investigators have concluded that capillary movement$ is of
Little importance in crop growth. Shull {45, 46) holds the view that
wilting of plants st a rather definite moisture content was due to the
slowness of movement of moisture from soil particle to soil particle
and again (46) points out that “‘the whole relation of the root and soil
to the soil water is & dynamic one.” On the other hand, he describes
a case where a buckwheat root had grown through the soil and had
apparently removed all the available moisture from a cylinder of the
same diameter as the root with its root hairs, the inference being that
the root moved to the moisture rather than tiie moisture to the root,

McLaughlin (35}, Shaw {43), and Conrad and Veihmeyer (17) all
conclude that the movement of moisture by capillarity is of little if
any importance in supplying plant roots. The last say: “It appears
very probable that capillarity cannot be counted on to move moisture
appreciable distances from moist soil into soil that has been dried by
oot extraction.” _ )

The importance of the movement of capillary moisture through
short distances within the root zone is not definitely established.
Some investigators believe that the rate of movement is so small as to
be of no practical importance, while others hold that observed plant
responses to differences in soil moisture may be explained only on the
ground of capillary movement of soil moisture. _

Veihmeyer (52, 53), Hendrickson and Veihmeyer 24, 25), Veih-
meyer and Hendrickson (54, 65, 56), Beckett, Blaney, and Taylor {6},
and Taylor, Blaney, and McLaughlin {47) are of the opinion that
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plants do not suffer for moisture until the soil in some portion’ of the
root zone is reduced to about the wilting point. They believe that
when the moisture content i the soil adjomming the roots is reduced to
the permanent wilting percentage and soil with a higher moisture
coutent is available, the rools will grow into the moister soil,

On the other hand, Aldriek and Work (I, 2}, Aldrich, Work, and
Lewis {8}, Lewis, Work, and Aldrich (81), and Work and Lewis (57)
are of the opinion that the moisture must move through the soil to
the roofs and thaet it is this condition which causes plants to slow up in
their growth when the average moisture content in all parts of the
root zone is well above the wilting point. This condition has been
noted by Furr and Degman {14), Furr and Magness (15), and Barthol-
omew (5). Shantz (42, p. 711) says: “Plants, as a rule, roquire more
water during drought periods than during periods of abundant
supply, and may be greatly damaged by extreme conditions even if
the =01l is still well supplied with water.”

As pointed out by Vasquez (51), Magness (37), Aldrich and Work
(1}, and Work and Lewis (§7), the explanation of the suffering of
plants often noticed when available moisture is still shown by ordinary
soil sarflpling lies in the slow movement of capillary water through
the soil.

Shantz (42) pointed out the fnct that there is little definite informa-
tion as to the movement of soil moisture in the field under conditions
where the subsoil is permanently moist. This is an important obser-
vation gnd may serve to point the way to a reconcilintion of some of
tlfle contradictory opinions on the importance of capillary movement
of water.

Harris and Turpin (23) carried on many experiments showing the
extent of movement of moisture from a moist soil into a dry seil.
Many others have carried on experiments with the rate and extent
of movement of moisture from free water into a dry soil.

Alway and McDole (4) and Karraker (28) studied the flow of mois-
ture from o moist seil into drier soils of different moisture contents.
The former used soils with moisture contents between 0.5 and 1.5
times the hygroscopic coefficient. The moister soils were thus approx-
imately at the wilting point. The lstier used soils slightly more
moist but little, if any, above the wilting point. Except under rather
extreme conditions such ns occur in dry farming, irrigation with very
limited water supplies, or during serious droughts, field soils below
the surface few inches are seldom dried to the wiiting point and
almost never below that point. These experiments do wot cover the
zone of moisture contents which is most usually met with in the field
and which is of most importance.

Shew and Smith (44) carried on an experiment with soils which had
been saturated and allowed to drain. Tubes 4, 6, 8, and 10 feet long
were used and moisturs was allowed to rise from s free water surface
and to evapornte at the fop of the tubes. With Yolo loam, evap-
oration was 3.60, 1.92, 1.0, and 0.16 surface inches monthly from
4-, 6-, 8-, and 10-foot tubes respectively in 321 to 324 days. From
Yolo sandy Joam 1.84, 0.62, —1.3 and — 0.8 surface inches respectively
were lost mouthly in 87 to 96 days from tubes of the lengths mentioned.
The minus values are due to the {act that the experiment was started
before nll of the excess water had drained out of the tubes. At the
end of the experiment the moisture content of the soil st different
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distances from the ends was determined. The resulting curves are
not dissimilar to those seccured in the experiments reported herein.
These results and those which Briggs and Lapham (2) and King
(29, 80) quoted are in accord with field experience and numerous
experiments in showing that considerable quantities of water may he
raised by capillarity through moist soils from a free water surface.

The question of the quantity of water that moves through the soil
in the vapor phase is ulso raised by some investigators. Scofield and
Wright (41) in reporting field studies of moisture conditions draw the
conclusion that moisture was lost from certain ol their ficld plots by
evaporation well down in the soil and diffusion of the vapor through
the soll and into the atmosphers at the surface. They go on fo say
that evidence, both in the field and in the laboratory, indicates that
movement “takes place quite as much by alternate vaporization and
condensation as by the capillary movement of liquid water.” Other
workers had been Jed to the conclusion that movement of water in
vapor form is of considerable Importance.

Buckingham (10) studied this question and cnme to the conclusion
that loss of moisture by vaporizafion below the surface and diffusion
through moist soil is very small. He found rates of Joss of 1.4 surface
inches per year into still air and 4.3 surfuce inches per year into a
3-mile-per-hour breeze through 2 inches of conrse dry sand. Through
1 inch of loam he found & loss of 2.71 surface inches per year and
through fine sandy loam 2.52 inches per year, Through 12 inches of
sandy loam the loss was Jess than 0.2 surface inch per year. All of
these tests were from a saturated atmosphere below the column of
so0il and into & carrent of air from a fan. The soils all appear to bave
held less moisture than the wilting point nt the time these rates were
determined.

Bouyoucos (§) gives data showing that the movement of wuter
vapor from a warm moist soil into a cold dry seil is very small even
with temperature differences of 20° and 40° C.

A number of investigators have applied the general laws of hydro-
dvnamics to the soil-moisture problem, Buckingham (10) defined the
capillary potential and carried on experiments to determine the rela-
tion between the capillary potential and the moisture content of the
soil. He set up tubes filled with different soils which he allowed to
stand fo- periods ranging from 2 to 10} months with the tops pro-
tected from evaporation and the bottoms in free water. On the as-
sumption that static equilibrium had been reached, he then deter-
mined the moisture content at different heights above the water table,
and thus arrived at the relation between the two quantities, His
experimental data indicated a wide variation in different soils,

Gardner and others of the Utah Agriculturel ¥xperiment Station
also have studied this problem from the point of view of the physicist.
In this work they have (16, 17, 18, 19, 20, 21, 26, 38, 48, 49, 50} always
stressed the dynamic nature of the problem. In the early work
Gardner (I8) defined & transmission constant as a single-valued func-
tion for each(soil. This transmission constant has the physical dimen-

13

stons of MTL- Later Gardner {I9), Gardner and Widtsoe (21),

Gardner, Tsraelsen, Edlefsen, and Clyde (20), Israelsen (26, 27), and
Richards (38) have stressed the use of the capillary potential in prob-
lems of capillary movement. A great deal of study has been given to
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the relation between the moisture content of the soil and the capillary
potential.

E. A, Fisher (12) R. A. Tisher {i3) nnd Haines {22) have made
applications of mathematical and physical methods to capillary flow
problems.

Thomsas (48, 49} found that the vapor pressure lowering at the
wilting point with three different soils ranged from 0.2 to 0.46 mm
of mercury. He found that the vapor pressure was spproximately
proportional to the reciprocal of the moisture content ancf) stabes that
the vapor pressure lowering was about 0.02 mm ab the moisture equiv-
alent, but that it cannot be aceurntely determined.

Israelsen (26) concluded fromn o theoretical study that the moisture
confent in » deep uniform soil at equilibrium between capillerity and
%ravity would decrease from the water table upward He gave the
oliowing equation for the relation between thie moisture content and
capillary potential:

(o' —a) (¥+0)=0

where o’ equals the moisture content, ¢ equals the capillary potential,
and ¢, b, and € are constants,

Richards (38) described the porous-plate method of measwing the
copiilary potential and gave curves showing the relation between the
moisture content and the capillary potentizl. He pointed out that
this method cannot be used for capillary potentials in excess of about
one atmosphere. e (39, 40} carried the work further and determined
the relation of both the capillary potential and the capillary condue-
tivity to the moisture content. He also developed formulas for the
application of these factors to specific problems of capillary flow.
His measurements of the capillary potential were made by the porous-
plate method and, therefore, are limited to values of less than one
atmosphere.

Bodman and Edlefsen (7) diseussed the soil-moisture system and
pointed out that messurements of the capillary potential above the
wilting poiu:i; and below about the field capacity have not been very
successful,

Harris and Turpin {23) and MeLaughlin (35, 86) found that water
moved downward from a moist soil into o dry soil, and from a supply
of free water into a dry soil, more rapidly than it moved upward under
the same conditions, but did not attempt to interpret their date in
ferms of the gravitational potential.

The studies heretofore made of capillary movement of soil moisture
may be somewhat arbitrarily divided into two groups. In the first
group the approach has been through laboratory and field studies of
soil-moisture movement, with the principal emphasis on the physical
resuits obtained. These results have been used to explain other field
observations. In the second group the experiments have aimed to
apply the fundamental laws of physics to soil-moisture movement.
The studies reviewed have not furnished satisfactory data on the
movement of soil moisture in the range between the wilting point and
the field capacity. They have, however, shown the need for such
data and an evolution of ideas leading toward a clearer conception of
the relations between soil and water. The experiments herein de-
scribed were undertaken for the purpose of adding to the accumula-
tion of data obteined by other invesfigators.




B TECHNICAL BULLETIN 579, U, 8. DEPT. OF AGRICULTURE
EXPERIMENTAL PROCEDURE

In the main the attempt has been to use soils with their natural
field structure. In a few instances soils have heen used that have
been broken up, siftad, and mixed in the laboratory. 1t is hoped that
2. conductivity factor and the relation between the moisture content
and the eapillary potential may be found for different soils. ITor the
second part of 1I;Ple study different rates of flow vertically, both up and
down, and different lengths of soil columns have been used with
samples of a single soil type taken at the same depth and as near
together as possible in the field, or samples uniformly prepared in
the laboratory.

For the first objective a few replications only were used, often with
only one rate of flow and in one direction only. The number of
replications used in the second type of study ranged from 5 to 20.
In most instances it was found that four or five replications gave
reasonably consistent results.

This bulletin presents the data obtained up to the present on the
first phase of the problem. Much of the data herein reported will be
analyzed in a study of the more fundamental aspects of the problem.

The experience of other investigators has shown that long periods
of time are necessary if approximately static equilibrium is to be
secured with long soil columns. For this reason short columns 2, 4,
and 6 inches in length were used. The differences in field soil make
it necessary to replicate the tests, and it was desired to make tests on
a large number of soil types. Moreover, part of the incentive for
undertaking this experiment was the peculiar fluctuntions in soil
moisture found in the soil at depths of several feet in certain orchards
in western Oregon. The cost of securing large numbers of undisturbed
field samples of large diameter at depths of several feet was prohibitive.
Moreover, the equipment available precluded the, possibility of usin
much space for samples. For these reasons soil columns of smal
diameter were used.

It,appears possible to secure o state of steady flow much more
quicfdy than to secure static equilibrium in soil columns of moderate
length and moisture content. These experiments were conducted on
the basis of steady rates of flow.

By working with different rates of flow both upward and downward
the gravitational potential can be used to evaluate the capillary
potential. Where flow takes place in an upward direction the two
potential gradients are in opposition, whereas with downward flow
they worls together. This faet gives a basis for using the known
gravitational potential in determining the value of the unknown
capillary potential.

From the data it iz possible to plot curves between the rate of flow
of moisture and the moisture-content gradient {i. e., tha rate of change
with distance of the moisture content) at different moisture contents.
By extrapolating these curves to zero flow, conditions at static equili-
brium can be estimated. Theoretically the curves for upward flow and
for downward flow should coincide at zero flow.

The experiment consisted essentially in setting up & series of soil
columms exposed at one end to a current of air at constant temperature
and humidity and adding water at different predetermined rates at
the other end of the columns. In the carliest trinl it was felt necessary
to add the water in small quantities at very short intervals. It was
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soon discovered, however, that water could be added at intervals of
12 bours without creating too great irregularity in the results. The
columns were left in the evaporation chamber until the rate of loss
by evaporation from the exposed ends became approximately constant
and equal to the rete of addition. This rate of loss, ordinarly averaged
over the final 24-hour period, has been used as representing the rate
of flow through the tubes.

Inx the earlier trials water was added {rom the burette directly on
the surface of the soil at the closed end of the soil column. It was
found however, that this tended to puddle the soil, and thereafter
small pieces of cotton felt were placed between the soil and the stopper.
These served to hold the moisture in contact with the soil colamn and
also to protect the soil from the puddling action of the dropping water.
In the early trials, as noted 2bove, 2-, 4-, and 6-inch soil columns were
used. However, even with the heavier soils, the 2-inch columns
were of little use, and the later trials were made with 4-, and 6-inch
sainples only.

In certain cases where the rate of addition of water was great
enough to cause a portion of the soil in the tubes to become saturated,
the replacement of the rubber stoppers after adding water developed
pressure in the tubes. This pressure forced water through the soil
column in some instanees. During the latter part of the experiment
small holes were bored in the side of the tube opposite the felt pads
and closed by rubber bands so arranged as to prevent the butlding up
of pressure in the tubes.

After approximate dynamic equilibrium had been attained, the
soil was removed from the tubes in small transverse sections and the
moisture content determined. Approximately half of the tubes were
placed so that the movement of moisture was vertically upward and
in the remainder downward. In most instances duplicate sets were
used for upward and downward flow. In some cases where dato
were required for some particular soil depth or soil type a single set of
tubes with How either upward or downward was used.

SAMPLING APPARATUS

The use of the King soil tube is practically standard in soil-moisture
work by the Division of Irrigation, and this method of sampling has
been used in the present experiment. A special point for the king
tube was prepared by adding stellite to the cutting edge of o standard
peint and grinding cut as shown in figure 1. Samples of {ransparent
tubes made of a transparent plastic with an inside diameter of 0.840
inch were obtained, and int the figure are shown the washer and rivet
through the body of the steel tube for holding the smell sample tubes
in the King tube. Unfortunately when it came time to order a
supply of the tubes the manufacturers were out of the size required,
and white celluloid tubing was substituted. If is believed that
transparent tubing would have made it possible to detect breaks in
the soil columns and might have permitted the sorting out of samples
which guve erratic results.

Considerable difficulty was encountered in securing samples in the
field, when the soil was very wet. This was particularly true with
the Medford clay adobe end the Willamette silt loam, When the
moisture content was slightly below the field capacity no difficulty was
encountered. The small difference in inside diameter between the

151860°—3T——2
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point and the celluloid tube is necessary in order that the sample may
slip inside the tube without teo much compacting. With wet and
sticky soils it was found helpful to thoroughly wet the inside of the
tubes just before taking o ssmple. Even when this was done it was
sometimes necessary to make several attempts before the sample in
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the tube proved to be approximately as long as the distance the tube
had been driven, After the samples were secured one end of the
tube was covered with u. piece of cheesecloth and the other end closed
with a rubber stopper.

EVAPFORATION CHAMBER

Figure 2 shows the cvaporation chamber used in the experiment.
A plywood box 16 by 20 by 39 inches was fitted with galvanized-iron
transitions on both ends.” At one cnd the box was connccted to
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another galvanized-iron box used as an air-conditioning cham ber,
while at the other end a fan was installed in the opening to draw air
through the chamber. Inside the main box wore racks arranged to
hold the sample tubes in a vertical position. The racks, which were
13 inches long were supported by means of solid boards at each end.
These boards forced the air to pass through s 4-inch space between
the two racks. The upward-fAow tubes were held in the lower of the
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two boxlike racks with their cloth-covered ends flush with the top

of the rack.

tubes were exposed to the current
of airin the 4-inch restricted space.
Airentered and left thebox through
a series of holes at each end. 1t
was expected that the air currents
would thus be made uniform.
Extra space in the chamber was
utilized for a thermobygrograph
and thermostat.

The current of air drawn through
the chamber washented in asecond
box by lamp banks or Nichrome
resistance wire. The apparatus
was set up in the basement where
the fluctuations in temperature
ordinarily were not very great.
There were, however, steam pipes
in the room, and the steam in
these pipes was cut oft over the
week ends. Occasionally the re-
sulting drop in temperature was
greater than the heating elements
m use at the time could overcome.
In a few instances, also, the con-
tact on the thermostat stuck, and
the temperanture in the evapora-
tion chamber ran high, Some
cases were noticed when the rate
of loss from all tubes would he
somewhat Jow or high depending
on whether the temperature was
below or above the normal. In
the main, however, it was impos-
sible to detect any correlation be-
tween these accidental variations
in temperature and the rates of
loss. 1n fact, it was not unusual
for part of the tubes to show
marked increases in rates of loss at
the same time others showed o
constant or even lower rate.

STEADY FLOW

In order to determine when the
flow had reached an approximately
steady state, the tubes were

weighed before and after each

addition of water. In some cases

Similarly the cloth-covered ends of the downward-flow
tubes were flush with the bottom of the upper racks.

Thus all the
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FIGUUE 3—Rnte of Insg of water from d-inch cores of
Benel send to which water was ndded at different
rates.

all the tubes of a group were weighed, while in other cases only
one or two of a group were weighed 0s indices of the rate

of loss.

Alter the index tubes had reached an approximately
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steady state of flow, all of the tubes of the group were weighed
before and after adding water st intervals during tho last 24 hours
before breaking down the soil columns. As was to be expected,
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Finuug 4.—-Rateof loss of wuter from G-inch cores
of Wiinatle siit lopmn io which waber wus
added ot three Jditferent rates.

moist soil sumples lost water rapidly
at first. - FThe rate of loss dropped off
rapidly as the portion of the sotl col-
umn near the open end dried out.
Thereafter, if the rate at which
water was added was high the rate
of loss increased, sometimes tempo-
rarily becoming considerably higher
than the rate of addition. In plan-
ning the experiment, it was feared
thot wave motion might be set up in
the water flowing through the tubes.
It was thought that the soil at the
open end of the tubes might dry out
more rapidly than the moisture
could move up, and that as o result
the dry zone would gradually extend
back toward the closed end of the
tube until soil, moist to the field ca-
pacity or above, was encountered.
Then the moisture might move for-
ward into the dry soil until the open
end was reached, and the drying-out
process would then start over agein,

Careful consideration led to the
conclusion, however, that a condi-
tion of dynamis cquilibrium would
be reached, with the soil at the open
end of the tubes just moist enough
be cause evaporation to take place
38 rapidly as moisture was supplied.
The moisture-content gradient Lack
of the open end would then he suf-
ficient to move the moisture ot the
rote of supply, and the moisture con-
tent ab the closed end would depend
on the rate of supply and the length
of the tube. This conclusion has
been confirmed by the experimental
work. Figure 3 shows the rate of
lose of water from several tubes filled
with @ rather coarse beach send,
Bach curve shows the average of
four tubes. Ths curve for the 6-
inch tubes with the highest rate of

flow seems to indicate a tendency toward the wave motion which was
feared. In some other coses with the beach sand & simitar tendency
was observed. However, in most cases with the sand, and in prac-
tically every case with undisturbed soils, the conditions illustrated

by figure 4 were found.

The data for groups of tubes filled with Willamette silt loam are
shown in figure 4. The portion of each curve for the last few hours,
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which is separated from the vest of the curve, represents average
values for all Bve tubes in each group instead of the values for the

index tubes alone.
loss approached the rate of addi-
tion and became nearly constant
at 8 value close tu that at which
witer was added, This indicutes
that the rate of flow had become
approximately steady before the
tubes were broken down. The
curves of figure 4 are typicul of
the curves obteined in these ex-
periments.

SUPPLEMENTARY EXPERIMENTS
MOVEMENT AS VAPOR

In order to determine whather
an important part of the move-
ment through the tubes was in
the vapor phase, o special group
of tubes was set up. In these
tubes & break in the soil column
was provided by placing two
pieces of 20-mesh screen about 1
mm apert at o predetermined
point in the ecolumn. Breaks
were Placed at 1 em from the
open end in one group of eight
tubes, at 2 em in 4 second
group, at4 em in a third, at 7 cm
in a fourth, and a control group
was provided without any break,
Each group of eight was divided
into two subgroups of fenr, One
set of subgroups was supplied
with water at the rate of 11 mg
per hour and the other set ut the
rate of 44 mg per hour. All
were set with the flow upward
because it was feared that the
soil on the wet side of the breal
might become saturated and
allow free water to drip across,

The rates of loss from the set
receiving 11 mg per hour are
shown in figure 5. The data as
shown are the averages for the
four tubes of ecach subgroup.
The first weighing was made
about 12 hours after the tubes
were set up and the effect of the
breaks was already apparent.

It will be noted that in sach instance the rate of

s
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The tubes without a break showed the greatest rate of loss, the tube
with 7 cm of soil between the break and the open end lost the second
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highest rate, and so on in regular order. The difference between the
groups having breaks 1 and 2 cm from the open end is very small.

As the experiment progressed the curves representing the rate of
loss from the broken soil columns crossed emch other in regular
— sequence. DBefore the second weigh-
T ing the rate of loss from the tubes

with the break 2 em from the open

end became less than that from the
tubes with the bresk 1 cm from the
end. By the end of the third day
the curve of the 4-em tube had
crossed both the 2-cm and the 1-ecm
curves. These curves indicate that

a rather definite quantity, approx-

mately 16 mg per hour, of moisture

diffused aeross the break and through
~1 em of soil. Smaller quantities
» were able to pass through the longer
2 soil columns.  An explanation of the
- fact that the movement of moisture
through 7 cm of soil appesred to be
almost 8s rapid as through 4 em ap-
peared when the columns were broken
down, as will be shown later.

During the first 145 hours the dif-
ferent groups in the set receiving 44
mg per hour acted exactly ss did
w those receiving 11 mg per hour, as
£ may be seen in figure §. However,

at: the end of that time (Apr.1) the

subgroup broken at 7 em, followed &
day or so inter, by the 4-cm group,
suddenly began to lose water ot an
increasing rate. The explanation ap-
peared to be that water or moist soil
was being forced through the screens
by the pressure set up when the rub-
ber stoppers were seated in the tubes.

TUpon breaking down the tubes this

axplanation was found to be correcs.
S 8 The average moisture contents of

(uy/ Buw) 507 40 31wy the soil at different distances from
FIOURE SRt of loss of water from bingy  TE OPOR end for each subgroup of the
coreS of W itiumetio STt loam having breskant  11-INg seb are shown infigure7. The
itront distances from e ot vhow wiler  sharp changes in moisture content ot
the breasks in the soil columns are
obvious, If the moisture were moving through the soil in the vapor
phase there should be no breaks in the curves, since the movement
of vapor through the open space between the screens would be fully
as rapid and should be more rapid than through thesoil. The mois-
ture content just below the screens in every instance was well above
the field capacity, while just above the screen it was much lower in
every easse, In the columns broken at 1 and 2 cm the moisture
content just above the screens was well below the wilting point.

{

|
E-INCH TUBES.

P

I

|
ELOHS P IV

BErokern rude of 2 om

el Broker? fube .ot & oo,
Hom wmk SRS Fube of 7o

s——Ambrokesn ube
o Srokern rede ot /omr

2

FROM START OF RUN (DA

31 APR.I

28

MaR. 268 27

i
I
o
o




RATE OF FLOW OF CAPILLARY MOIRTURE 15

It is interesting to note that the portions of all of the eurves cither
to the left or to the right of the break are approximately paraliel to
each other and to the lower and upper portions respectively of the
curve for the unbroken column. These data seem to ivdieate that
moisture distilled across the break in the column and built up a
moisture content, or capillary, gradient above that point. It appears
to have required a difference of moisture content of 12 to 17 percent
to force 8.5 to 12 mg per hour of water in the vapor phase across an
open space of about 1

mm, These rates are >0
equivalent to 2.4 and o 28
3.4 mg per square cen- I g e it S -
timeter per hour or A
0.69 and 0.97 inch in = 2¢ I MUsEeY T ST S e R
depth (surface inches) Z 55 [~
per month. If thisis © | o 17
true the movement & 2° =
through the soil pores « 4 |
must be negligible and & | L0500 Of | Sreaks —1
the conclusion scems & '° ol - Tl
justified that themove- & i | rgrofer ool
ment of moisture ob- ™7 y/
served in these experi- 5 '° ’/’
ments was predomi- 10 v
nately,ifnotexclusive- g Vi ,/
Iy, in Yquid form. o 2%

By . wal A | A

The observationson & 6 T -

the soil cohimns re- E a /;:; A MOLSILre CcORTERT 1 SUSTaICE
ceiving water at the » -
rate of 44 mg perhour 2 2
were nob satisinetory )
because of the forcing ° 2 4 & 8 10 12
of wet soil through the DISTANGE FAOM QPEN ENO (Cm)

screens. 1The sub- 1:'lGrL}IlE ?é—_-;tivemge tnﬂs‘\l}lﬁe m“mm{] lil}rnugll}oul. length of n;'je groups
" . - U‘ nur "III‘L'] UOres 4 Hknette 8t foamn lli\'ill}! I-imun breuks at
g{] oup t:lleen at 1 cmn dmere?t tilnsr.nnu&-i_ h‘multhﬁnpcu um}!. ‘n\'ut{er \\'at!s ;1(1(!{:[(] tn nli wmibes
\ aka rade ol approximately BRI [her Ddlr. i wadd 1051 (rom the (o-
< ]'(.‘l no v ShF}\V any .Of broken cores ad an aversge mic of U3 me per hoor utd /qt rotes of
this effec L, an d s 12‘[;,_10:‘.’. 8.5, and UE} _m[g ier Ihuur [ronn tl:(_Jrus having breaks 1, 2, 4,
l'ﬂ(‘.llstul‘e- CO‘[‘I_t.{_’,llt v, - AR T, respRetively, oo the P eds.
distance curve is very similar to the corresponding curve en figure 7.
However, the data of figure 6 indicate that so long as water was cam-
pelled to cross the brealsin the vapor phase, themovement corresponded
closely with that shown by the set of tubes receiving 11 mg per hour.

EFFECT OF INTERMITTENT ADIMTON

The method adopted in this experiiment required that water be
ndded in batches rather than continuously. At first it was thought
that satisfactory results could be secured only if the additions were
small and made at very frequent intervals. Since this procedure
added greatly to the diflieulty of carrving on the work, a special test
was made to determine the effect of adding a comparatively larze
volume of water at one time. A set of 20 tubes containing Newherg
clay loam was used. All these sumples were taken within a fow feet
of the same point and at the same depth. Water was added at
12-hour intervals until the rate of loss as indicated by two index tubes
bhecame stendy and approximately cqual to the rate of ndditton. At
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the beginning and end of the last 12-hour period a1l tubes were weighed
and the rate of loss was found to be abous equal to the rate of addition.

When the tubes were ready 12 drops, approxiruntely 400 mg, of
water was added to every tube at as nearly the same time as possible.
The first tube was broken down immediately; the next three at 5-
minute intervals; the next three at 10-minute intervals; and the others
2t increasing time intervals, the last tube being broken down 8 hours
and 45 minutes after the water was added. It was expected that the
added water could be traced through the series of tubes ss a sort of
wave. However, nnalysis of the data, both by individual tubes nnd
by groups of four, failed vo show any regular progression of a wave of
high moisture content through the tubes. In fact, it was impossible,
cven In the tubes broken down almost immediately after adding the
water, to detect the postion of the slug of water. "In breaking down
the tubes the section of soil next the open end was removed first and
that at the end where water was added last. It took about 10 minutes
to complete one tube, so even in the first tube broken down the water
had several minutes to distribute itself through a portion of the soil.

These results together with the fact that the rate of loss appears
to be only slightly affected by differences of several hours in the
length of time between additions of water appear to indicate shat
adding the wuater in batches at intervals of 12 hours or less gives
practically the same rusult as would be secured by continuous addi-
tion. This is & point that needs more study, however.

RESULTS

RATE OF WATER MOVEMENT

The primary purpose of the experiment was to determine the dis-
tanne through which water in appreciable quantities can be moved by
capillary forces in the range of moisture content between the field
capacity and the permanent wilting percentage. It appears possible
that eventually a single-valued conductivity factor may be determined
for any given scil that can be used to determina the rate of movement
for any given set of conditions of temperature, moisture content,
~direction of flow, ete. TUnfil such & factor and its relation to other
conditions has been found we must be content with experimental
determinations of the rate of movement under o variety of conditions.
The rvesults are shown in table 1. The distance given in column 9 is
the distence through which the moisture content fell from the upper
to the lower limits shown in columns 6 und 7 while steady capillary
flow was taking place at the rate shown in column 8. For example
the data of no. 7-a are from the experiment shown in the curve for
the unbroken column in figure 7. The moisture content at a point
11.2 em from the open end after a state of steady fiow had become
established was 17 percent of the dry weight, while at a point 2.9 em
from the open end the moisture content was 9 percent, the permanen?
wilting percentage for this soil. The rate of flow was 2.9 mg per
square centimeter per hour. This rate of flow, therefore, took place
through o distance of 8.3 ecm upward under the influence of s drop
in moisture content from 17 percent to 9 percent.
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The other data in the teble may be interpreted in the same way.
Where possible the field capacity and the permanent wilting per-
centage have been used as the upper aud lower limits respectively
beeuuse this is the range of moisture content of primary importance
in plant growth, and it is believed that the data are more trustworthy
within this range.

EFFECT OF $01L TYPE ON RATE OF FLOW

The data of table 1 are inteaded primarily to show the rate of flow
of capillary moisture in different soils. So many fuctors are involved,
however, thatibis very :

difficult to determine 36

directly from the table 34 —

the effect of individual 32 . ol

factors on the rate of ~ ) d

fow. Tigures8andg £ ° 7

clearly indicate the Z 28

effectofsoil type. The = .4

curves on these figizes = |ttt

are similar to those of 2 ¢ =

figure 7 in that they © 22 — P

show the averngemois- Z 40 f y a7

ture contentof thesoll & 7 T

at different distances & '8 - e
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similar conditions, 7 ¥ AT
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that for any givenrate © o L
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ferencein the moisture-

. e A2 - . ¥iavny §--Moisture cantant throeghoul {onplh of groups of cores af
gonlen tgl achentatany differotil goH Lypes with npproxhuntely thesime rates of ﬁm\' npward,

givenmoisturecontent — #ReiustEmily,
for the different soil types vepresented by the curves in theso éwo figures.
Mechanical analyses of these soils are not available and the seils
ave classified as mapped in the soil-survey reports. On this basis
there are two cases in these two groups where a soil of a finer texture
transmits water more readily than one of coarser textiwe. The
Willumette silt leam shows & lower moisture content and flatier
moisture-content gradient than does the Chehalis Joam with practi-
cally the same rate of flow.  The Carlton silty cluy loam also shows a
lower moisture content and fatter gradient than the Newberg clay loam
with the same rate of flow. 1t may be, but probably is not, significant
that both the Chehalis and Newberg soils are recent river bottom sotls.
Perhaps the most interesting point brought out by this com parison
of the rate of movement through different soil types is the very small
differences in the rate of capiliary flow under sumilar condifions as
compared to the very great differences in rate of flow through satu-
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rated soils of the same classes. Figure 10 shows that with practically
the same moisture-content gradient between 10 and 22 percent the
flow through Meyer clay adobe, Chehalis loam, and Carlton silty
clay loam was 3.5, 6.1, and 8.8 mg per square centimeter per hour,
respectively,
For twu of the soils, the clay adobe and the loam, data are available
on the rate of infiltration of water applied at the surface. During the
third consecutive hour
36 during which water
14 stood on the surface,
the clay adobe ab-
sorbed 0.4 incly, of wa-
ter, while the loam
absorbed four times as
much, or 1.6 incles,
Moreover, the rate of
infiltration into the
clay adobe was rapid-
ly decreasing, and in
fact became negligible
within a few hours,
whereas the move-
A ment in the loam ap-
/ peared tohavereached
o constant rote,
AN The ratio of flow
fr under saturated con-
v = ditions was then 4 to 1
4 (and eventually much
’ more) in the Chehalis

loam as compared to
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ward, with groviy, as defined by Israelsen

_ (26) are not nvailable
for these soils. It will be noted on this figure that the rate of flow
of the Chehalis loam is less than that of the Carlton silty elay loam, o
condition similar to that noted in figures 8 and 9.

EFFECT OF GRAVITY ON RATE OF FLOW

Peirs of curves are shown in figure 11 illustrating the difference in
the moisture-content gradient for flow upward as compared with flow
downward, With each of the three soils illustrated it required 2 per-
cent more difference in the moisture content between the two ends of
& so0il column 12 em Jong to force the water to move upward against
the gravitational potentinl gradient and the frictionnl resistance
than it did to force water downward with gravity but against the
same frictiona] resistance at the same rate. Itis hoped that use can be
made of this effect of gravity on the rate of flow to evaluate the capil-
lary potential and a conductivity factor in terms of ordinary units of




RATIS OF PLOW OF OAVILLARY MOISTURE . 21

mass, force, and distance. As has already been stated these data
meke it possible to plot curves showing the relation between the
moisture-content gradient and the rate of flow, both when the capii-
lary-potential gradient and the gravitational potential gradient are
opposite and when they work in conjunction.

MOISTURE-CONTENT GRADIENT FOR DIFFERENT RATES OF FLOW

The curves of figures 12 and 13 show the diflerences in the moisture-
content gradients at given moisture contents required to force different
uantities of water through the soil eitker upward or downward, The
slope of the curves at any given moisture content represents the rate
of change, or gradient,
.of the moisture content

34 --——-—-|

at the given moisture 3%

content and for the a9 Ve
conditions represented ,./

by the eurve. Thus, 3 2° V4

if a tangent be drawn 26 A ;
to one of the curves at / T
& given moisture con- 24 A

tent, the diflercnce be- 22

tween the meisture » y.

contents indicated by © //

theintersections of tlus I8 A2/,

tangent with any two " / /;(
vertica) Hiuesrepresent-
ing n distance apart of
1 centimeter will be the
rate of chunge, or gra-
dieut, of moisture con-

MOISTURE COMTENT (PERGENT QF DRY WEIGHT)

tent in percent per g |

centlineter. !
Figure 12 shows that € 4 1 I | o e l

ab a moisture content a4l “?_’g‘fﬂ;;;g:: m/:,mjjww

Of %Sg)el'()f}.]]t [;,gl'fl?{{el.lt o |88 mgfermbn  Cariton SiTy CIy L08

of 3.2 percent per cen- ot 5.4 O CHERTUS LT

timeter is required to 0t —— — T

i‘l’:ec‘;;‘égti; !jlop\}fa;:iﬁﬁ DISTANGE FROM OPEN END {Cm)

grams per square cen- it il rns g s o S ey Yupard,
timeter per hOLiI', 2.8 E#::E':il::“sgru\-it_y} with npprosimalety uniform molsture-content
percent per centlmeter '
for 8.8 milligrams per square centimeter per hour, 1.7 percent per cen-
timeter for 6.3 milligrams per squure centimeter per bour, and only 0.6
percent per centimeter to force water upward at the rate of 4.7 milli-
grams per square ¢entimeter per hour.  Figure 13 shows at the same
moisture content a gradient of 1.8 percent per centimeter will force
water downward at the rate of 9,1 mulligrains per square centimeter per
hour, 1.4 percent per centimeter for 7.2 milligrams per square centi-
meter per hour, and 0.6 percent per centimeter will force water down-
ward the rate of 5.4 milligruins per square centimeter per bour. The -
inch tubes used were not long enough to build up a moisture content of
18 percent with a flow of 4.0 milligrams per square centimeter per hour.
From another point of view it niay be noted that o moisture-content
eradient of 2 percent per centimeter will force 4.0 milligrams per
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square centimeter per hour downward through Cardton silty elay loam
at 2 moisture content of 5 percent, 5.4 milligrams per square ceuti-
meter per hour at 12 percent, 7.2 milligrams per square centimeter
per hour at 16 percent, and 9.1 milligrams per square centimeter per
hour at & moisture content of 17 percent,

CONYERSION OF UNITS

The equipment used in these experiments gave data in terms of
milligrams per hour through a soil column 0.84 inch in diameter. In
table 1 and the moisture-content versus distance curves these data
have been converted into terms of milligrams per square centimeter
per hour. In considering the field application of the data it may be
remembered that 1
milligram per square
centimeter per hour is
approxunately equiva-
lent to 0.00945 inch in
depth of water (some-
times called surface
inches) per dav, or 1
inch in 106 days.

DISCUSSION

These data serve to
give some idea of the
rate at which water
may move through the
soll under the influence
of differences in mois-
ture content. Table2
shows the number of
daysrequired for lfinch
of water to move from
" x‘:;f” SOL 770 soll at the field capac-
T Dowss'y Cresrattis 2oar ity through different

'O

ome—o 2, | Meer cray Advse c!istances eitlier up I(J:tr
& ¢ ; ; down to soil at the
g it I1mffamfﬂ=l &”1 doatm wilting point in several
0t 2 3 456 6 7 8 9 101l 12 goil types. Movement
DISTANCE FROM OPEN END {Cm) laterally may reason-
Fleuke 11.—Muisture content thronehont longth of puirs of proups of 'dbly be assumed to be
cores of dilferent solls when How al'the snme rale is taking pluce - i ntermediate hetween
ward or duwnwerd, . .
the rates in these direc-
tions. It will he observed that in the case of the Meyer cluy adobe
the flow upward appears to be more ready than the flow dowrwerd in
that only a slightly longer time was required to move an inch of water
2.8 inches upward than to move the saume quantity 1.9 inches down-
ward. This case is almost unique in these experiments and probably
serves to show the diflerences in soll samples rather than to prove that
the Meyer clay adobe bhas some strange power to counteract the
gravitational ficld. The results are bharder to explain in that the
lower part of each of the corresponding curves represents the date,
from 16 tubes and the upper part from § tubes.
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TABLE 2 Dislance through which 1 inch of waler will imove in a given tinte through
soile of different types from zones al ficld copacity o zones ul the willtng point

.. { Dree- . | Dhroc-
\ s | % Dls-
Sefl 1y Time Lhon ar Soll Lype Thotg tlon of
Loiiee fow tance | Y
Dayg mg‘“ - Duags Inchcé: -
1 3.7 1A " 14 L. .
Lol loae il STV, || seemy st ] 65 | DOWR,
s oA L caeeanae 18] 47| Dawn. ' 24 3.8 Up.
& W s No. Wilisnette st lsama ool 12 36| Pown.
Noewherg ¢iny m . L Lo :é l,g gi:\m Carfton 2y elny o ;g ;“,{ %ﬂ;‘,n
Mever clay adobe... ... { i? fﬁ %;E:““
: L STV S S

 If it be ussumed that the moisture contend ai the ground surface
is at the wilting point and that a few inches below it is at the field
capacity the loss by

evaporafion might be-  *°

come appreciable. ~ 28

For instance with the % , S
Willamette silt loam if 2 ° [

the soil 3.6 inches be- ¥ 24 I

low the surface were z ., _/5/ _Je it
maintained st the field o /’9,/ AT
capacity an inch of & 20 Y. 0 4 e

water might be lost ~ g SN 7 -
every 21 days. If the 3 v R 2k
soil 3.3 inches below 3 '® —~—; —— T

the surfnce were main- 2 44 / é | T

tained halfway be- ~ / A L3

tween the wilting point %z *2 / vl P

and the fleld capacity = 10 .-

it would take 37 days 3 / /,‘ e

-forll inch {)1; water dto o 8 11408

be lost.* The condi- § -

tions of the experi- ?j N . . Eg;‘,fjgf%:_
ment do not afford di- =« T PR, a5 ,,,;fmg/,é,,-' ]
rect measurements of $ 2 e 63w/ e |
the losses through ) om—w=o R mylem ¥l
creater distances but c !t 2 3 4 5 &6 7 & 9 100 12
from the above data DISTANCE FROM OPEN ENB (Cm)

it muay beinferred thiat wiguns 12~ Moisture content thronghont Jength of grovps of cores of
1% ‘\'Ollld talke about 3 S.L::\:;wn siley clng loam wheo pward Bew [s tking plees at differant
months for 1 inch to ’
be lost from Willamette silt loam if the soil a foot below the surface
were maintained at the field capacity. Where crops are growing they
will, of course, reduce the moisture content well below that point
within n weels or two after rain or fivigation. These data, then, con-
frm the general opinion that where field crops are growing snd the
water table is deep, losses by evaporation of moisture brought to the
surface by capillary action are not great.

There appear to be no data available as to the length of roots or
root hairs, that are effective in absorbing moisture, in the soil at any
one time. Schuster ® has found that a soil-tube sample 0.75 inch in

——
« Fram no. 7-0 ip table 1 nod line (5 op n. 32, 2.9 myg jur squerp centinteler per hour cquals G027 incli per

day.
U npubiished data.
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diatneter by 12 inches long which contains 80 to 100 ¢m of fine roots
represents a good root distribution. If all of this root length absorbs
water if indicates that, on the average, there is about I cm of ab-
sorbing root per cubic centimeter of soil. (Root hairs appear to be
absent or nearly so on both walnut and pear roots in this ares and if
present are so short that in effiect they only increase the diameter of
the absorbing root a millimeter or less. Their influence, therefore,
is not considered in the present disgussion. )

If it be aszumed that only 10 percent of the length of five roots is
water absorbing, that the Toot zone is 4 feet deep, and that the
diameter of the wuter-absorbing 100ts is 1 mm the area of water-
absorbing root surface
per square centimeter
of ground surface will
be 3.7 square centi-
meters. On these as-
sumptions and the fur-
ther assumption that
the root distribution is
uniform, the maximum
distance water would
have to move through
the soil to the roots
would be about 4.5 em.
On thefurther assump-
tion that the water re-
quirement of a mature
tree is 2 acre-inches
eqre oF /o’ | per uacre per week or
A %ﬁggj;- 0.03 cubic centimeter
— ? - per square cenfimeter
o T8 e I of ground surface per
e W el e il j!Dl:’I‘, the flow through

the soil adjacent to the

2 3 4 5 6 7 B 9 10 1 12
DISTANCE FROM OPEN END {Cm) absorbing roots would

Fraune 14~ Mofsture eanlent thranghael length of groups of cores necd to be il the rate
of Carlloy silly olay lowm whes downward How s tnking plice ui.

differsnt mtes, of 0.008 cubic centi-

mmeters, or 8 mg per

square centimeter, per hour.  The data of table 1 indicate that with

most of the soils tested flow nt this rate through distances of a few

centimeters will take place under the influence of soil-moisture differ-
ences roughly between the field capacity and the wilting point.

The flow of moisture toward a'root’is somewhat analogous to the
flow of water toward a well. After . rain or an irrigation the soil
mass may be assumed to be wet {o the field capacity. lmmediately
the roots begin to abstract water, At first the water comes from the
soil adjacent to the reot but very soon a. moisture-content, or capillary-
potential, gradient is set up and flow toward the root through the
soil takes place. As the loss of water continues the sphere of influence
about each rool expands and in time interferes with the sphere of
influence about adjoining roots. The Aow toward any root ¢rosses
concentric cylindrical surfices and, therefore, the maximum Tate, in
volume per unit area per unit of time, occurs adjacent to the root.
Assuming a root diameter of 1 mm, the rate of fow 1 em from the
root would be only one-twentieth as great as that at the root. More-
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over, part of the supply is always heing drawn from the soil near the
root and does not need to be forced toward the root from the outer
region of the sphere of influence. Teaking these factors into account,
together with the foregoing assumptions, it seems that the moisture
content midway between roots might be well below the field eapacity
before the rate of flow through the soil toward the roots would become
the limiting factor of tree growth. Whether the assumption that 10
percent of the fine roots 13 water absorbing is even approximately
true is unknown so far as the writer can learn,

Admittedly this discussion is based on a number of assumptions pud
is somewhat speculative. However, it is believed that it throws some
light on plant-soil-moisture relations. 1t is hoped that as the investi-
gation progresses it will be possible to work out this phase more
definitely.

SUMMARY AND CONCLUSIONS

The experiments reported herein were designed to furnish date on
the rate at which capillary water will move through various soil types
under the influence of gradients in the moisture content.

The mmportance of these data for the solution of many field and
orchard problems is discussed.

Most of the recent pertinent literature in English on the subject is
briefly reviewed.

The study was inaugurated with the intent of securing both exper-
imental dats on the rate of flow in many soil types and fundamental
information on (1) the relation between the moisture content of the
soil and the capillary potential, (2) the relation between the capillary-
potential gradient and the rate of flow of capillary moisture, and (3) the
specific conductivity of the soil for moisture.

Only the first part of the study is reported here, but enough com-
parisons are shown to give some idea of the principal factors which
affect the rate of flow.

For several reasons short, small-diameter soil columns of undisturbed
structure were used. A steady state of flow can be secured much more
quickly in short than in long tubes. Several duplications of small
samples were considered more tl‘ust.wort.h{,]f than one or two larger
sesmples. Detailed data for different depths in the soil profile were
desired. The ease of securing samples at considerable depth with the
King soil tube was an important consideration.

The experiment consisted of setting up series of soil columns exposed
to the evaporating influence of an mr current at one end and adding
water at predetermined rates at the other end. When o state of steady
fow was secured the soil colummns were broken down snd moisture con-
tent of ench short transverse section was determined.

That approximately steady flow had been attained was determined
by weighing the tubes before and after adding water each time and
pﬁ)tthlg up the rate of loss. When the rate of loss became and con-
tinued approximately uniform and equal to the rate of addition it was
evident that dynamic equilibrium had been renched.

Tt was found that & very small portion of the water could be moving
through the moist soil in the vapor phase. Only 8 to 12 mg per hour
of water crossed & screened space of about 1 mm in these tubes, I
no more than that quantity of water will cross a practically open space
it seems impossible that any appreciable quantity wotuld pass through
the pores of the soil.
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Ideally, the water should be added to the soil column in this experi-
ment continuously rather than intermittently. A series of tests indj-
cate that the addition of comparatively large quantities of water at
12-hour intervals did not seriously distort the data,

The distances through which water flowed at different tetes under
the influence of certain differences in moisture content at the two ends
of the soil columns in a number of soil types and at different depths
are tabulated,

Because of the latge number of factors involved it is difficult to make
direct comparisons from the tabulated values and g number of com-
parisons are presented graphically.

Curves showing the moisture content throughout the length of soil
columns of different soil types when moisture was flowing through
them at the sume rate are shown. These curves show that, in general,
the finer textured soils will not transmit capillary water as readily as
will coarser textured soils. They show thab for steady flow in any
parbicular case the moisture-content gradient is always steeper as thas
moisture confent becomes less.

The difference in the ability of different fine-textured soils to trans-
mit capillary moisture as compured with coarse-textured soils is much
less than the corresponding difference in the ability of similar soils to
transmit moisture under saturated conditions.

The effect of the gravitational field on the moisture-content gradient
required to force capillary water through the soil is shown graphically.
With each of three soils ropresented it required about 2 percent more
difference in moisture content at the ends of 12-cm columns to drive
water upward than downward.

For one soil, moisture-content-versus-distance curves are shown for
four different rates of flow both upward and downward. These curves
show graphically the different moisture-content gradients required at
various moisture contents to force different quantities of capillery
water through the soil.

These data show that befween approximately the field capacity
and the wilting point the several soil types will transmit 1 inch of
water through 1 to 4 inches in 8 to 20 days.

From these data it is obviovs that with differences in moistuse
content between the field capacity and the wilting point water in
sufficient quantities to support crops could be raised g few inches
from & moist subsoil, but only a few inches. Examination of the
curves shows that most of the movement takes place at moisture
contents well above the wilting point.

Losses by evaporation at the soil surface of water moved upward
hy capillary sction are not great.

The portion of the soil mass midway between absorbing roots might
be well below the field capacity but still well above the wilting point
before the movement of moisture through the soil would become the
limiting factor in trec or fruit growth.

At moisture contents below the wilting f{)oint the moisture-content
gradient is extremely steep for the rates of fiow used in this experiment,

The different opinions noted earlier in the bulletin on the impor-
tance of capillary flow arve reconciled. At high relative moisture con-
tents and with low rates of flow water may move through considerable
distances. At low relative moisture contents the distance through
which moisture will move is very small.
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