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INTRODUCTION

-The presence of moisture haé & profound effect on the
engineering properties of soils. For this reason good design
procedures require that the moisture conditions in the soil
structure be known. For the most part the soll-water system
is in a continual state of fluctuation and omly under cervaim
circumstances is there any semblance of equilibrium. Because
of this continual state of flux the evaluation of the design
properties of the soil structure is at best difficult. It is
common practice therefore to determine the properties of the
s0il under the worst poassible conditions and subsequently use'
these as design criteria.

Highway engineers recognize that water will rise and re-
main in the scil above the free water teble; the driving
forces involved, the phasse of the water during movemsent, and
the equilibrium conditions, however, are not well understood.
In addition, the engineer imposes certain conditions which
affect the above phencmena and further complicate any
quantitative determinations.

The quasi-virgin soil-water system, such as an open
field, undergoes a complicated cyclic fluctuation of molsture
content which is determined for the most part by the physical
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and chemical conditions of the soil, including cover, and the
climatology of the area,

Greatly simplified, the cyclic fluctuation of the
moisture content proceeds in the manner outlined below.
Rainf'all strikes the surface and is in part sabsorbed.

Usually the soil surfade is relatively dry, and the water
flows into the soil under the influence of gravity, cspillary
attraction and moisture characteristics of the soil mess.

The "wetting front" progresses downward toward the water
table lsaving behind only sufficient water to satisfy the
moisture demand of the soil. As the wetting front continues
downward the surface soil begins to dry under the influence
of evaporation and transplration, thus causing a deficlency
in the upper portion of the soil column. As a result of the
deficiency, water is brought up from the wetting front or
water‘table to replenish the depleted supply. VWhen water is
being raised, however, the movement is in opposition to the
influence of gravity and consequsntly moves slower than in-
filtrating water. Further depletion of the water 1in the
upper soil layers causes additional water to be moved upward
from the sourcse. Conceivably the water can move either in the
liquid or vapor phase, depending upon the conditions of the
soil-water systemn.

Equilibrium is impossible as long as there is inflltrating

water, plant Sranspiration or evaporation from the surface.



Tempe rature, although not as obvious as the above factors,
also influences equilibrium. Primarily becamse of the
temperature effect on the specific free energy of the water,
a system which is otherwise in equilibrium will become
thermodynamically unbalanced by the application of a
thermogradient.

A highway pavement, or similar continuous mat or
structure, imposes a quasi-equilibrium condition on the soil-
water system. The pavement structure by 1ts very nature is
essentially impervious; this has the tendency to 1limit the
infiltration of water into; end the evaporation of water
from, the subgrade material. If the temperature conditions
are relatively constant, an essential equilibrium is
established under the pavement slab,

In the past there have peen many misconceptions of what
actually happens under the pévement slab. One such belief is
that when evaporation is prevented, the subgrade becomes
saturated. It has been shown that moisture contents do be-
come relatively high under the slab, but only under certain
conditions is saturation or supersaturation possible.

Conditions which can cause saturation of the subgrade
ares: first, the water table may be located just under the
pavement slab; second, in the case of an extremely fine
grained soil and a relatively high water table, the zone of
capillary saturation may extend to the bottom of the pavement
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slab; and third, because of freezing temperatures_in the sub-
grade, the water may "freeze out" thereby creating an
apparently dry subgrade whlch will attract more moisture from
below. Under the third condition it 1s possible to hawe
sufficient water in the solid state in the upper reaches of
the subgrade to effectively supersaturate the soil when
thawing occurs. Frost action as described above, although a
salient factor in determining subgrade moisture contents,
will not be considered in this discussion.

¥hen the water table is just beneath the pavement slab,
the designer has no choice but to determine the strength of
the soil at saturation and use the value ascertalned for de-
sign purposes. If the water table is near the bottom of ths
pavement slab, the designer would still use the same procedure
because the water table might rise, or the zone of capillary
.saturation might extend up to ths pavement slab,

The application of the principles herein discussed lies
in predicting the equilibrium mois ture content of the subgrade
soils which lie at a considerable distance above the water
table. It is the usual practice to determins the strength of
the subgrade soil by certain accepted methods which do not
make allowance for different moisture contents of the same
soil; in other words, ths design strength of a given soil
would be assessed at & certain value regardless of its posgi-

tion with respect to the water table.
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The main objective of this dissertation is to investigate
the possibility of developing a method whereby the moisture
sontent of a soil under quasi-equilibrium conditions can be
predicted by knowing its height above the free water datum,
regardless of any soil layering or stratification that might
be present. Actual design cases will require a knowledge of

the moisture retention characteristics of the undisturbed

80il, or the condition of the soil as it will be placed in
the subgrade, and the height of the water table in question.

The experimental facilities discussed in this disserta-
tion were designed and instrumented so that accurate observa-
tions could be made on the moisture conditions of the soil
under an impervious surface. The experimental surface con=-
slisted of three layers of asphalt roofing paper laid with
asphalt cement and covered with pea gravel. The surface was
constructed over a plot of ground measuring 150 feet square.
Data were taken on: s0il moisture contents, water table
elevations, soil temperatures, so0il densities, and frequency
and emounts of rainfall. The above data are avallable for a
period of approximately four years, although the data taken
at the later part of the period, because of certain instru-
mentation improvements and e¢limatological conditions, are
more complete and dependable.

In addition to the above investigation, laboratory

anelyées were run on undisturbed samples taken from the above



field investigation to determine: soll textural classifica-
tions, Atterberg limits, desorption curves, densities and
gpecific gravities.

Wherever possible the observed data will be correlated
with known mathematical and physical concepts so as to
develop an argument which explains aend predicts the accumula-

tion of moisture in soil under an impervious surface.



REVIEW OF LITERATURE

There is a great wealth of literature on the energy re-
lationships of the soll-water system. The preponderance of
the literature is found in the agricultural and soil physics
fields, with a relatively minor part found in engineering
publications. Buckingham (2) introduced the idea of using a
potential function to describe the moisture conditions of the
soil, for this reason his name is always linked to the "energy
concept” of soil moisture. Russell and Spangler (25) are
credited with being among the first to introduce the practical
aspects of the energy concept of soil moisture in the
engineering field. Spangler (27, 28) discusses in greater
detail some of the problems involved in subgrade moisture
control using energy relationships.

Buckingham (2) states that

if a soill be éaturated with water and then allowed

to drain while protected from evaporation, it will,

after losing a certain amount of dralnage water by

percolation under the action of gravity, reach a

steady state in which no further loss takes place,

the remaining water being held in the soil by

capillary action, partly in drops at the points of

contact of the soil grains and partly in thin films

on the surfaces of the grains.

Buekinghem refers to the water that remains in the partially

drained soil column as "capillary water". He obviously
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recognized other contributing factors becanse he goes on to

say that

it (capillary water) depends to a certain degree on
the nature and amount of the substances which dis-
solve from the soll into the water; 1t also depends
on the temperature. But aside from these two in-
fluences, which are secondary in our present con-
siderations, it depends primarily on the depth of
the scil to the level of free drainage or of standing
ground water, on the texture or ultimate fine-
gralinedness of the soil, and on its structure, i.e.,
1ts condition as regards granulation into compound
particles and as regards arrangement or packing of
these particles.

Buckingham explains that the soil exerts a certain attraction,
measured by a "capillary potential®", sufficient to hold the
water against the action of gravity which tends to drain it
perfectly dry. This attraction depends on the amount of

water in the soll, for if there is more than a certain amount

the excess drains away.

Buckinghem defined the cepillary potential as the
mechanical work required to pull a definite mass of water
away from e definite mass of soil. It is interesting to note
that he was not completely satisfied with this simple
mechanical means of defining the moisture potential of the
soil because, by his own statement, he would have preferred to
use the principles of thermodynamics.

Gardner (7) in 1920 proposed that the total energy
equation for the soill moisture system should be

v
1
E=EG.-ES=810'1 +820'2+330'3og£ /ohdv (1)
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whnsre E = gross energy of the system
Eq = gross surface energy of the system

E8 = gravitational energy of the system
Sq = area of liquid-air interface

147]
N
i)

area of liquid-solid interface

area of solid-air interface

q
]

unit surface energy of liquid-air interface

o
"

unit surface energy of liquid-solid interface
03 = unit surface energy of solid-air interface

g = gravitational constant

B
i

height above datum

<
n

aggregate volume
£ = mass of water per unit aggregate volume

Gardner assumed that under a shallow mulch in a field
soil the area of all solid-air interfaces are equal to gero
and that the total area of the liquid-solid interfaces is
equal to a constant., He further limited the variables by
assuming thé 801l to be insoluble; it is assumed that here he
wished to eliminate osmotic potentials. On the basis of the
above assumptions he stated that there exists a capillary
constant which, with the moisture content and molsture
gradient, determines the magnitude and direction of the
capillary current. In effect, Gardner theorized that under
the above limiting assumptions, the moisture in the soil is

controlled or distributes itself under the driving forces of
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the liquid-alr interface energy and the gravitational
potential,

Richards (16, 17, 18, 19, 20, 21) has been en outstanding
leader in the development of the energy concept of soil
moisture and apparatus for measuring the energy relation-
ships. Richards (18) pilctorially represented the capillary
molsture tension phenomena by a simple capillary tube
enalogy. See Figure 1. A closed tank 1s fitted with
caplllary tubes having different diameters and a columm of
g80il supported on a saturated porous plate im a larger tube.
The entire apparatus is enclosed so that evaporation is pre-
vented, but a porous plug in the enclosure is used to main-
tain atmospheric pressure. The tank is connected with a
water source so that a steady free water level is meintained.
It is assumed that the capillary tubes and the soil
particles are perfectly wetted dy the water.

When equilibrium is attained, all other variables being
considered constant, the height of rise of the water level in
any capillary tube 1s governed by the radius of the tube
which in turn governs the curvature of the meniscus at the
air-water interface., By analogy, the surface of the
"cepillaries® which are £illed te the seme level in the soil
column will have the same curvature as the corresponding
capillary tube meniscus., Thus it can be seen that the tension

in the water at all points of equal elevation above a given



Figure 1. Capillary tube and soll moisture analogy
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free water datum, whether in capillary tubes or in a soil
column, is the sams.

The curvature of the meniscus at an alr-water interface
in the so0il column can be represented by two radii of curva-
ture taken at right sngles to each other. Haines (8), in a
paper dealing with cohesion resulting from capillary attrac-
tion, showed that the pressure difference across such a menis-

cus can be expressed by

AP = J %‘1 - %2) : (2)

where J = the surface tension of the water

one radius of curvature

ro, = the second radius of curvature.
In the above equation r; 1s measured in the opposite direc-
tion of ra;_the configuration developed describes the shape
of a meniscus formed dy a drop of water at the point of con-
tact of twe spherical bodies,

Kirkhem (9) has shown that in addition to the above con-
figuration a second type is described if both radli are
measured in the same direction, i.e., the radii are added in
Equation 2. The latter configuration can be visualized as
the meniscus or water film covering a moist; rounded soil
particle. The water film at any point on the surface of the
particle can be described by the two radii, taken at right
angles to each other, which define it. If the radii are
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equal, they define a portion of a sphere,

The first configuration is referred to as anticlastic;
the second, synclastic.

In 1935 Schofield (26) proposed the pF scale for
describing the condition of s0il moisture. He presented the
PF as the logarithm of Buckingham's (2) capillary potential.
By analogy with Sorensent?s acidity scale, pH, the symbol p
indicates its logarithmic character, while the symbol F is
supposed to. suggest free energy. The basic reasons for this
new scale were given as: first, the terms "capillary" and
"suction" could be avoided because they frequently call to
mind surfacé tension effects only; second, the scale can be
transferred to any liquid, its pF being defined as the loga-
rithm of the height of a column of the liquid; and third, the
ugse of the logarithmic function permits the plotting of the
molsture contents at all soil-moisture energies on a single
graph. A4s pointed out by Baver (1) the serious weakness in
the usage of pF is the fact that the usual tension measure-
ments do not take into consideration osmotic-pressure effects,
or pF is not always the equivalent of the logarithm of the
tension.

In the light of Baver's comments, Edlefsen and Anderson
(5) point out that when dealing with porous bulb apparatus the
potential measured is not the cepillary potential, the total

potential or the free energy. They state that the capillary
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potential would be measured only when sufficient time was
allowed for the diffusion of dissolved salts such that all
parts of the system had equal concentration. They state that
the total potential or free energy would be measured only if
the equilibrium reading could be taken bsfore any of the dis-
solved salts moved inside the apparatus.

According to Richards and Wadleigh (20) the osmotic
pressure of the soil solution in non-saline soils is negli-
gible, so that the total equivalent soil-moisture stress is
substantially squal to the soil-moisture tension.

Spangler and Pien (20) conducted a laboratory investiga-
tion to determine the relationship under isothermal conditions
between moisture content and capillary potential of strati-
fied soils at various heights‘above a water table. They ex-
perimentally showed that the squilibrium moisture content can
be predicted from sorption curves of various soil strata as
determined by a tensiometer, and that ths predicted moisture
content 1s realized regardless of stratification in the soil
colummn,

Spangler and Pien used the thermodynamic approach as out-
lined by Edlefsen and Anderson (5), but with certain modifica-
tions. The first modification was to assume that in the case
of a highway subgrade the moisture content which significanicly
affects its stability is sufficiently great that any influence

exerted on the soil water by electrical flelds around the soil
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particles 1s negligible. The second assumption was that in
the ordinary soils encountered, the concentrastion of dissolved
salts is so low that the osmotic potential is also negligible.
With the above assumptions the free energy equation reduced to
the capillary potential equation.

Richards and Weaver (21) investigated the moisture re-
tention of irrigated solls with pressure plate and pressure
membrane apparatus. The investigation included 71 solls
representing a wide variety of types and classifications.

They found it convenlent to divide the forces contributing
to the retention of moisture into two classes: first; those
arising from the dissolved materials in the soll water; and
.second, all other forces. Richards aend Weaver are convinced
that_only the second class of forces 1s measured by pressure
plate and pressure membrane apparstus simply because the mem-
branes are not impermesble to the dissolved salts. Once again
Schofield was criticized for mentioning the use of suction
plates and centrifugation as possible sources of free energy
data.

Another phase of the above investigation included the
determination of changes in the soll moisture retention
characteristics as a function of temperature. A group of
twelve soils, ranging from Tujunga sand to Yolo clay were used
to determine the change in moisture retention at one-half and

15 atmospheres under different temperature conditions. The
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portion of their investigation devoted to one-half atmosphere
tenslon is duplicated as Table 1. It is interesting to note
that such a large range of temperatures caused so little

change in moisture retention. Richards and Weaver noted that

Table 1. Effect of temperature on moisture retained at
: one-half atmosphere

Soil type Per cent moisture retained at dPw
4 atmosphere snd indicated

temperature (°C.) ds®
o2 12,2 21.2 29.7 37.2
Tujunga sand 2,76 2.47 2.42 2.23 1.99 =-.0193
Placentia sandy loam 6.10 5.94 5,80 5.63 5.60 -.,01hl
Hanford gravelly
sandy loam 8.4,9 8.28 8.50 8.30 8.46 0041
Placentia loam 12.62 12.48 12.41 12.16 12.2 =-,0118

Sagemoor fine sandy losm 11.90 11,68 11.64 11.28 11.35 -.0163
Indio very fine |

sandy loam 18.99 18.231 17.86 17.98 16.87 -.0494
Chino loam 18.76 18.45 18.39 17.78 17.96 -.0252
Billings clay 22.92 22.15 20.66 20.82 19.81 -.0823
Altamont clay loam 15,36 15.32 15.28 14,86 15.28 -.0070
Meloland clay 28.25 28.00 27.60 27.51 27.32 =.0257
Antioch clay 28,29 27,67 26.67 26,31 26,00 =,06L49
Yola clay ’ he73 4Lie37 41.80 42,83 41.81 -.0808

®Values taken from least-square equation having the form
Pw = a = bt, where Pw represents the moisture percentage, ¢+
represents temperature, a = Pw for t = 0 and b = dPw/dt.
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the change of moisture retention per degree tempsrature
difference seemed to increase with increasing fineness of
texture. _

Edlefsen and Anderson (5) published in 1943 probably the
most complete and comprehensive theoretical study of the
thermodynamics of soll moisture in existence. This treatise
is considered a "classic" and is cited in nearly every publi-
cation dealing with soil moisture. No attempt will be made
to review this treatise here because 1t will be cited and

portions of 1t reproduced in other parts of this dissertation.
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' THEORETICAL CONCEPTS

The moisturs retention characteristics of soils have
been studied quantitatively in the past by using sueh tools as
"capillary potential®™, "moisture potentiasl®™, "soil-moisture
stress", "free energy" and "total potentiai“. It would seem
that in each case only a fractional part of the total energy
relationship was being evaluated, the balance being considered
constant or negligible. There have been instances where there
was some doubt as to what portion of the total energy was in
fact belng measured.

Probably one of the reasons for the confusion and use of
the different notations is because of ths investigators!
special interests in particular ranges of moisture content.
Also the warious methods of measuring moisturs retention are
applicable only within certain moisture content ranges.

Thermodynamics sppears to be the best approach because it
evaluates the total free energy of the system in terms of
component free energies. Thus the effects of adsorptive and
gravitational force fields, temperature, pressure and dissolved

mateorials are conslidered.
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Thexrmodynamics

In applying thermodynamics %o s0il moisture the concept
of free energy has been found to be most useful. The free
energy, £, of the substance under consideration is defined in

terms of other thermodynamic concepts by the equations

f =6 + Pv - Tg (3)

La

= h - Ts (4)
where = internal energy per gram
= pressure

specific volume

| 4 W 0
1

H

ebsolute temperature

8 = entropy per gram

h = enthalpy or heat content per gram.
The above terms are derived and defined in any suitable
treatise on thermodynamics (3, 5).

The total work done by a system may be divided into twe
parts: thg'work of expansion, Pdv, egainst a pressure P, and
any other mechanical work, dwm, including electrical work,
that the system might perform. Therefore, the total work may
be represanted as

dw = Pdv + duy, {5)
where dw = the total work done by the system. Differen-
tiating Equation 3, we have

df = de + Pdv + vdP - Tds - sdT. (6)
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According to the first law of thermodynamics

de = dq = dw (7)
where dq = the heat absorbed by the system. Eyuation 7
states that the increase in the internal energy of a substance
during any transformation is equal to the heat absorbed by the
substance, minus the work done by the substance. Also from
thormodynamics, for any reversible process

dq = Tds. (8)
Combining Equations S5, 6, 7 and 8 we see that

df = vdP = 8dT - dwy. (9)
Under isothermal conditions, dT = 0, and

af = vdP = dwy. {10)
If in addition isobaric conditions prevail, AP = 0O, and

af = =du,. (11)
It can be seen from Equation 11 that if a reversible process
is taking place at 1sothermal and isobaric conditions the
change in free energy, df, 1s equal to the negative of the net
work being done bj the system. The net mechanical work, dwm,
is that work being done by the system over and above the work
of expansion against a constant pressure P.

Consider a finite change under isothermal and isobaric

conditions. If the system goes from state A to state B

B
AL = fB - Ly = o/ dwm = eWpe (12)
A o
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Note that the work, L is the reversible work performed by
the system on the surroundings during the transformation.
If a finite change occurs by increasing the pressure, all

other factors being constant with no net work done, the free

energy change is

B
Af =25 = £, = f vdP. (13)
A

Thus the mere increase of the pressure P on the system will
increase its free energy. By the same token, a decrease in
pressure will cause a decrease in the free energy of the
system,

If a reversible process occurs under 1so£hermal and
isobaric comditions such that no net work is done, then

Af=fB-fA==0. (1)

Equation 1l describes the conditions at equilibrium or where

two or more phases remain in equilibrium.

Free Energy Defined

In this dissertation the free energy, f, shall be defined
as the free energy per unit mass of the substance'in a single
phase., This shall be referred to as the specific free energy,
or simply the free energy of the substance in that phase.
Changes in the free energy of the system will now consist of
chenges in the specific free energy of the unit mass within
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the same phase or changes in the specific free energy of the
unit mass in going from one phase to another.

The free energy of a level body of free, pure water under
a pressure of ons atmosphere is taken as the zero point or ~
datum for the free energy of soil moisturse. HNo temperature is
given in the above definition of the datum, but it is con-
sidered to be constant. The water table, or phreatic surface,
will be considered as the datum in this dissertation.

If any unit mass of water exists within the system in
such a manner that its physical or chemical conditions is um-
like the water at the selected datum it will have a different
value of free energy, or at least the component parts of its
free energy will be different. If the entire system is in
equilibrium, then all unit massgses of water within the system
will have the same free energy. The fact that the fres cnergy
is constant throughout the system at equilibrium doss not
mean, howsver, that the component free energies are equal, m ¢
only that the sum Sf the individual component free energies or
partial free energies for each unit mass are equal.

Certain chemical and physical phenomena affect the free
energy of water. Among these are changes in pressure, changes
in height above the defined datum, the presence of dissolved
materials and force fields. Temperature is also a factor but
will be considered constant for the present. The effect of

each of these contributing factors will be consldered
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separately while holding all other effects constant. After
all of ﬁhé contributing factors have been considered
individually, they will be added together to form an expres-
sion for the total free energy change per unit mass, or

simply the change in free energy.

Effect of Dissolved Substances

Refer to Figure 2. The spparatus pictured consists of
two compartments separated by a semi-permeable membrane. The
membrane is semi-permeable insofar as it will pass only the
solvent molecules but not the solute molecules. Pure solvent
is placed into one of the compartments and a dilute solution
(solvent activity essentially unity) is introduced intec the
other compartment. DBecause of the presence of the solute, &
non-volatile salt, the vapor pressure of the solvent in the
solution is reduced in conformity with Raoult's law

P = ex (15)
where ¢ = proportionality constang

X = mole fraction of the solvent

P vapor pressure of the solvent.

As a result of the lowering of the vapor pressure of the
solvent in the solution there will be a free energy difference
between the pure solvent on the one side of the membrans and

ths solution on the other. The free energy difference may be

expressed in terms of the vapor pressures as



Figure 2. Equilibrium of solvent and solution through

semi-permeable membrane
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Af = RT 1n %; (16)

or in terms of concentrations

X
Af = RT 1n x (17)
where R = gas constant per gram

ol

abgolute temperature

i}

Po vapor pressure of the pure solvent

Xq nele fraction of the pure solvent or unity.

Differentiating Equation 17, while holding pressure and

temperature constant, we have

(22 . BT (18)
ox X

Tp
In a solution the sum of the mole fractions of all of the
components of the solution is unity, or
X+ X, =1 (19)
where X, is the mole fraction of the solute. Differentiat-
ing Equation 19, we have

dx = «dxa ° (20)
Substituting Equations 19 and 20 into Equation 18, we have
(_@_ég_) =RL___ | (21)

Since the mols fraction of the solute, Xos is so small, we may
agsume that the term 1 - X, is essentially unity. This
approximation reduces Equation 21 to
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(.?_f_.) e BT . (22)
axE

For finite changes Eguation 22 may be written as
Af = =RTX, . (23)
The extra pressure that must be exerted on the solution to

equilibrate the fres energles of the pure solvent and the
solution in Figure 2 is

AP = —= (al)

Effect of Pressure on the Free Energy of Water

The change in free energy of a unit mass of material
during a reversible reaction can be expressed by Equation 9 as
df = vdP « 34T = dwy, o
Given a unit masa of wateéer at pressure P. If isothermal
conditions prevail and no net mechanical work is done, then

the change in free energy of the unit mass can be expressed as

df = vdP (25)
integrating
1% Py
Af = vdP = v dP = v AP . {26)
P, P,

Since ¥ is essentially independent of %the pressure; i1.8.,
water is nearly incompressible; the y may be taken outside of

the integral.
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Also note that since v is essentially unity in the cgs
gsystem; the change in free energy of a unit mass of water due
to a change in pressure under the stated conditions is
numerically equal to the change in pressure. An increase in
pressure will increase the free ensrgy of the unit mass of
water whereas a decrease in pressure will decrease the free

energy, all other factors remeining constant.

The Change in Free Energy of a Unit Mass In a Force Field

Under 1sothermal and isobaric conditions the change in
free energy of a unit mass of material is equal to the net
work done, A4s a sign convention, if work is done by the
particle it is sald to be positive; if done on the particls
it is saild to be negative. In further explanation, if a re-
action ocours spontaneously such that work is done by the unit
mass there ls a decrease in the free energy of the unit mass.
In equation form

df = ~dwy . (27)

Figure 3 shows an individual soil particle surrounded by
a force fiesld. The force field is probably made up of a series
of individual components but for the purposes of thils work the
force field will be represented as a function K. The distance
as measured from the soil surface along the lines of force will
be noted as y.

Consider a unit mass of water at point 4 within the force



Figure 3. Soil particle and force field
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fleld of the soil particle. If this unit mass moves to point
B there will be work done on the surroundings by the unit

mass and the resultant free energy decrease of the water mass

will be
B

Af = - | Kdy = -w, , (28)
A

If, however, the mass of water was taken from B to A
against the force field; there would be work done on the
water mass by the surroundings, and the resultant free energy
change would be positive.

The effect of gravity is quite similar to the above
phenomenon. If the earth is considered to be the soil
particle in the above discussion, then the force field K will
be represented by the gravitational constant g. Although g
is frequently represented as a constant, it is.actually a
varylng function Just as is K. When considered over the
range common to soil science, however, the change in g is so
small that it may be considered negligible. If y is used to
designate the distance measured along the lines of force im
the force field, then ths work done on a unit mass of water

in raising it ahove an established datum is

y
Wm=fo g dy - (29)

Since g is considered constant it can be brought outside the
integral. If isothermal and isobaric conditions prevail, then
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the increase in free ensrgy of the unit mass of water will be
equal to the work done on it by the surroundings.

Af =w_ = gy (30)
If, however, the unit mass moves closer to the mass exerting
the force there will be a resulting loss of free energy because

of its position in the forece field.

The Effect of Surface Tension and Radius of Curvature on the
Free Energy of a Liquid

The exlistence of surface tension and curved air-water
interfaces are evidence of hydrostatic pressure differentials
and corresponding free energy changes in the water of the
soil-water system. At an alr-water interface where the water
is convex toward the gaseous phase there exists a greater-
than-atmospheric pressure 1inside the interface. Conversely,
if the water surface is concave toward the gaseous phase, the
pressure inside the interface will be less than atmospheriec.

Consider a spherical droplet of water of radius r com-
pletely surrounded by a gaseous phase at one atmosphere
prossure. Using the principal of virtual work, allow the
extra pressure inside thes sphere to increase the size of the
sphere %o radius r + dr. The surface area of the droplet
will increase by

da = d(ly rr®) = 8 rrdr . (31)

The increase in the energy stored in the surface of the
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sphere will be the product of the surface tension, J , and -
the increase in area

de = 08 7rdr . (32)
The work to create this increasse in stored energy is done by

the extra pressure, p__, operating on the surface area of the

ex
droplet, h?Trz, through the distance dr.
- 2
de = p _hmrTdr . (33)
Equating Equations 32 and 33, we can solve for Pox

20
Pex = ¢ (34)

The change in free energy resulting from the hydrostatic

pressure differential across the ajir-water interface is

Af = g%_x ° (35)

Equation 35 considers a single value for the radius of
curvature. As was noted earlier, the pressure differential
across a meniscus which is defined by two radii of curvature

is

1 .1
AP = G‘(;:iﬁz:é'> . (36)

The changs in free energy resulting from the pressure change

given by Equation 36 is

Af = fv(l’” T i) (37)
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Component Free Energies Combined

The free energy of any unit mass of water in the system

previously described is given by the following equation which

sums the individual component or partial free cecnergies due to

the wvarious factors.

Afgm = Afgg + Afpg + Afgg + Afpg + Afy (38)

where Afgp

4 5

Afpg

Afog

Afpg

Afﬂ

-
—

t

the total specific free energy of the soil water
at temperature T

partial free energy of the soll moisture due to
the pressure resulting from surface tension and
meniscus curvature effects

partial free energy of the soil moisture due to
the pressure resulting from the force fields
surrounding the soil particles (effects of sur-
face tension and meniscus curvature excluded)
partial free energy of the soil moisture due teo
the presence of disszolved materials

partial fres energy of the 30il moisture dus to
the presence of the soil moisture in the force
fields surrounding the soil particles

partial ffee energy of the soil moisture due to

its positien above or below the selected datum.

In applying Equation 38 care must be exercised in deter-

nining the individual offects to avoid duplication.
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Soil-Water System

The phenomena discussed in the previous sections will be
applied to the following soil-water system. GConsider a column
of soil and water reaching to great heights above a level sur-
face of fres, pure water at a constant temperature and pressure.
The system is in complete equilibrium, therefore the specific
free energies of all unit masses of water in the system are
equal. Such a system is highly impractical and to even
approach it would require extensive equipment and nearly im-
measureable time; these nesarly impossible requirements do not,
however, in any way affect the conclusions based on this
argument .

Consider Figure k. The various parts of the figure
represent small portions of the total soil column. Section &
is taken near the datum or free water level and succeeding
sections are teken at positions of higher elevation wilithin the
soil column, Although there will be a wide variation in the
individual component free energies of esach unit mass of
water, the sum of the components, as expressed by Equation 38
will have the same value for every unit mass of water in the
system. Further, since the free energy for a unit mess of
water at the datum has been taken asg zero, the sum of the
component free energies for any mass of water in the system

will also be zero.



Pigure lj. Soil-water column at equilibrium
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Consider a unit mass of water at Az. The change in free
energy of this unit mass as compared with the datum can be ex-
pressed by using Equation 38. The unit mass of water at 4,
was chosen specifically becsuse the effects of the force fields
agsociated with the soil particles are probably negligible at
that position. If so, when Equation 38 is written for the
unit mass of water at A,, the component free energy éttributed
to the particle force fields can be dropped from consideration.
In addition, the component free energy due to the pressure in
the water produced by the attraction of the particle force
fields can also be neglected. As a result, Equation 38, as
written for the unit mass of water at Az, reduces to

Afgn = Af gq+ Afgg + Afg =0 . (39)

If the values that were calculated for these individual com-
ponent free energies in the previous paragraphs are substi-

tuted into Equation 39, the result is

20
Afgn m «S5% < BTz, + gh = 0 , (40)

If for the present the mole fraction of the dissolved
materials is considered to be negligible, the component fres

energy due to the osmotic pressure can also be neglected.

Equation LO reduces %o

20w
Afgp = ==+ gh = 0 , (L41)
rearranging,
20w

he er (LL-Z)
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which 1s the expression for the height of rise of water in a
perfoctly wetted capillary. A more general form of Equation
li2 which takes into consideration the two radii defining the

curvature of the meniscus is

Jon:4 (.1__-;_3:_)
g Ty s ¢

In order to obtain Equations 2 and 43 it was assumed

b= (43)

that the mole fraction of the dissolved substances in the
water at Aa was negligible. Since the datum has been defined
as a level body of free, pure water this assumption was
necessary. Let us now assume that the water at the datum is
not pure, but contains a definite amount of dissolved subk-
stances., The free energy of the datum is no longer zero as
was assumed previously, but has a definite value which can be
exprogsed as

ALsr (datum) = =RIxg (hy)
where xg gives the rmcle fraction of the dissolwved substances
in the water at the datum. Because of the equilibrium con-

dition imposed on the system, we can then equate Egquations 40
end ldi.

AL g (gatum) = Ofsp (a,) (45)
oxr
=RTx, = w%q-?-’% = RTx, + gh . (46)

If the mole fraction of the dissolved substances in the datum

is equal to the mole fraction of the dissolved substances at
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455 1.8., the dissolved materials are evenly distributed, then
the two expressions related to osmotic pressure components in
Equation [}6 will cancel and Equation }b6 reduces to Equation L2
or the more general Equation }3.

In view of the previous arguments, it is not necessary
to assume that the concentration of dissolved substances is
low in order to simplify the relationships, but the same end
can be achieved by assuming that the dissolved substances are
evenly distributed in the entire system.

Let us now consider a unit mass of water at A, inside the
£film surrounding the soil particle., The changs in absolute
free energy of this unit mass as compared with the datum can
also be expressed by using Equation 38. It is noted in this
case, however, that none of the terms in Equation 38 can be
neglected. Most of the individual component frae energies of
the unit mass of water at A, are difficult to determine. Let
us consider each component part of Eduation 38, as applied to
the unit mass of water at Al, in the order in which they
appear. The partial free energy arising from the surface
tension effects and the curvature of the meniscus is difficult
to determine because the curvature of the menlscus depends
upon the shape of the particle. The. component free energy due
to the pressure caused by the attractive forces within the
field force system of the soil particle can be evaluated only
if the true force system is determinable. The portion of the
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total free energy attributable to the osmotic pressure com-
ponent can be determined only when information is available
concerning the true situation with regerd to the mole fraction
of the dissolved materials at Al. Because water undergoes a
change in structure at the surface or interface of a solid
phase (22) there is no real reason why we should assume that
the mole fraction of the dissolved materials in the water
within the soil~particle force fields is the same as the mole
fraction of the dissolved materials in the water outside these
force fields. The component free energy resulting from the
force field effect is not determinable unless the manifestation
of the force field system is known along with a knowledge of
the true situation existing within the water substance. The
component free energy of the unit mass of water with respect
to its height above the datum is the only readily determinable
componsnt.

From the previous discussions it can be seen that many
difficulties are encountered in the solution of Equation 38 as
written for the unit mass of water which is within the
effoctive 1imité of the soil-particle force fields., It is
proposed that these difficulties can be circumvented for the
purposes of this digssertation by assuming that collectively
the quantity of water in the soil system which lles within the
thin £films surrounding the soil particles remeins constant.

This statement is obviously not true in general, but it



39

conceivably approaches the truth as the soil moisture content
approaches the saturation value. Under this condition the
water lost when a saturated soil sample is ralsed above the
datum comes only from the interstices or voids of the sample.
This approaches the truth because the films of water lying
within the effective limits of the soil-particle force fields
would be reduced in thickness when the saturated sample was
raised above the datum, but the decrease in thickness, since
the strength of the force fields increase rapidly (5) as the
particle surface is approachsd, would give rise to only a
small quantity of water as compared with that portion lost

from the soil structure interstices.

Sorption and Desorption Curves-Hysteresis

Curves showing the relationship between soil-moisture
tension and moisture content mey be obtained either by wetting
a dry soil or by drying a wet soll. The curves thus obtained
are called sorption and desorption curves, respectively. In
either case the process 1s controlled so that incremental
soil-moisture tensions and moisture contents can be measured.
The sorption curve will usually give lower values of moisture
content for a given moisture tension than will the desorption
curve. The extemnt of this hysteresis effect is governed for

the most part by the fineness of the soll; the finer soils
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exhibiting a greater hysteresis effect.

Kirkham (9) and Baver (1) summarize the concepts which
have been proposed to explain the hysteresis phenomenon. One
reason given states that if a saturated soll is being driled
there are many large pores filled with water only because the
tension in the water in the pores is controlled by small necks
at the tops of the pores; if the same soll is being wetted,
however, the large pores will not fill simply because of their
large diameters. A second reason states that a saturated soil
has few, if any, air voids; as it dralns, air is admitted into
the voids previously occupiled by water. When the same soil 1s
wetted, however, there is a certain amount of alir entrapped in
the voids, thereby giving a lower moisture content. 1t is
possible, however, that the entrapped air may later dissolve
thereby eliminating the air wvoids.

VWhatever the reason for this hysteresis effect, 1t is
possible that time will exert some influence. Ferhaps over =z
long period of time some other curve lying between the ob-
served sorption and desorption curves will control. Also
since the history of a given soil with respect to saturation
is generally not known it seems that the logical curve to use
for design purposes is the desorption curve, 1.8.,that curve
which indicates higher moisture contents and therefore lower

bearing strengths.
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Temperature Effect

Thus far 1t has been assumed that the temperature was
constant and single valued throughout the system. Although
this may be true for some masses of soll at great depths, it
1s not true for soils near the surface. As will be shown
later there is a uniform temperature gradient extending from
the surface downward, which 1s contlnually changing. The
actual surface, however, undergoes somewhat errétic variations
in temperature.

As was pointed out earlier, Equation L2 will be used to
relate changes in free energy for unit masses of water at
various positions in the system. The discussion will there-
fore be confined to those masses of water which lie outside
the effective 1limits of the soil-particle force fields, and
are not affected by osmotic influences. B

The free energy, as expressed by Equation L2, is directly
related to the surface tension and specific volume of the
water. A change in temperature will therefore result in a
change in free energy.

Suppose for exasmple that a given soil-water system such
as has been discussed 1s considered at a series of tempera-
tures. In each case the temperature will be considered to be
constant and single valued and the system will be considered

to be in equilibrium. Since the free energy is constant at
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&ll points in a system at equilibrium, the change in free
energy of a unit mass of water at a given height above the
datum, as compared with the datum, i1s zsro. It can be seén,
therefore, that the change in free energy caused by a gain in
height above the datum is always just offset by the change in
free energy caused by the surface tension and meniscus curva-
ture. Now since the free energy change caused by an incresse
in height above the datum is always the same, regardless of
temperature, the term expressing the change in free energy
resulting from the surface tension and curvature effects is
also always constant at a given héight above the datum. As
was noted earlier, a change in temperature will affect the
surface tension and specific volume of water. Since the
temperature effect on the surface tension is much more pro-
nounced than the effect on the specific volume, then a third
factor in the term must adjust so that the term is always
single valued. The only other factor which can change is the
meniscus curvature. In comparing the system at different
temperatures it can be seen that the increase in surface ten-
sion caused by a lower temperature is just offset by an ad-
Justment in the curvature of ths meniscus, i.e., the radius of
curvature will increase. An increase in the radius o7 curva-
ture, with an otherwise constant soil structure, will result
in an increased moisture content. Therefore, the moisture

content of a given soil at a given height above the datum will
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increase with decreasing temperature. Rollins et al (23)
review the literature concerned with thils phenomena, and
present experimental evidence regarding rates of movement of

s0ill water under thermal gradients.

An Approximate Method Proposed for Determining Moisture

Contents Under Quasi-Equilibrium Conditions

An approximate method is proposed herein which will pre-
dict moisture contents, under quasi-equilibrium conditions,
in a solil column at any height above the datum and at any
temperature. By being able to predict moisture contents in
soil, fuli advantage may be taken of the strength of any
particular soil in any position or environment. The
phenomenon of frost heave 1s excluded from this discussion,
however,

Equation 2 can be restated as follows:

§’=%° (47)
Note that the radius of curvature of the menisci at a given
position above the datum is a function of the surface tension
and specific volume of water, the gravitational force field
and the height of the point in question above the datum, but
that it is not 2 function of the soil itself. Obviously, the

condition of the soill greatly affects the ultimate moisture

content, however.
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Equation I7 1s idealized insofar as the radii of curva-
ture of the menisci are stated in terms of a single radius, r.
S0 as %o generalize Equation L7 let us rsplace the term r/2

by some average or representative value, r which will be

e’
referred to as the "equivalent radius of curvature".

To = é%z (L8)

It is now possible to make a plot of the equivalent radius of
curvature versus helght. There will be a series of such
plots, sach representing a different temperature.

Now using the desorption curve of a soil under study, it
is possible, using a plot of equivalent radius of curvature
versus height at the same temperature which was used to deter-
mine the desorption curve, to determine the equivalent radius
of curvature for each moisture content of the soil. If the
soil is uniform, a statement of the equivalent radius of
curvature will then, under equilibrium conditions, indicate
the moisture content of the soil.

A change in temperature will change the equivalent radius
of curvature at a given height above the datum; the moigture
content will then change so that the moisture content is in
agreement with the new value of the equivalent radius of
curvature. It 1s therefore possible to predict changes in
moisture content which will occur as a result of a temperaturs
change. Note that equilibrium molsture conditions must pre-

vall in all instances when moisture contents are determined.
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The method of predicting moisture contents as given above
is referred to as an approximate method because: first, the
equivalent radius of curvature is an average value used to
repregent the physical condition; and second, equilibrium, as
such, probably never will be established simply because the
temperature is continually changing.

The surface tension of water (5) is given by the following
formula:

J = 117 = 0,152 T (49)
where (J7 is expressed in dynes per centimeter and T is ex-
pressed in degrees absolute.

Using Equation 49 and a simple two dimensional model of &
wedge of water shown in Figure 5 an expression can be
developed to give the change in the water content in the wedge
with a change in the radius of the meniscus. Note that sinca
the model is two dimensiomnal; a change in the volume of the
water in the wedge can be represented by a change in the

cross-gsectional aresa of the water wedge.

The cross-sectional area of the water wedge shown in

Figure 5 is
180-29
A=drcos®+ x> gin B cos @ - L““ggﬁ“lyrrao {50)

Sc that a numsrical comparison can be made, let us deter-
mine the equivalent radius of curvature for the water wedges

in a soll at a height of 500 centimeters above the datum. Two

determinations will be made; one for a temperature of zero



Figure 5. Two-dimensional water wedge
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degrees centigrade, and another for 4O degrees centigrade; Vv
will be teken as unity.
At zero degrees

Te = £%%“= é 006)001) = 1.5 em™ = 1.5L microns.

At LO degrees

ry = (8966 %0) = 1.:2 microns.

Now if we further assume that the equivalent radius of
curvature is the radius of the wedge of water as shown in
Figure 5, and that the angle © 1is 30 degrees, we can determine
the cross-sectional areas of the water wedges for each tempera-
ture condition.

The crogss-sectional area of the water wedge when T = O 1s

80-20
r° [}2 cos@) + sin@ cos® -'LLTQRTJJ

(.52 [(2)(0.866) + (0.866)(0.500) = T |

£9

1]

f

(2.37)  [L.732 + 0.1433 = 1.047]
(2.37) (1.118)

i

2.65 square microns.

The cross-section area of the water wedge when T = LO is
- 2

Aho = (1.42)¢ (1,118)

(2.02)(1.118)

]

= 2,26 square microns.
The difference between AO and Auo is the change in arez

of the cross-section of the wedge in going from zero degrees
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to 10 degrees and represents the change in the volume of the
water in the so0il under like temperature conditions. The
change is 0,39 square microns and represents & 15 per cent re-
duction when based on the area of the wedge at zero degrees.
This means that if a soil was originally at zero degrees and
contained, say 20 per cent moisture; it would contain only 17
per cent at L0 degrees.

As 2 generalization of the above, & review of Equation 50
will show that although © was assigned a wvalue of 30° in the
sample computation, the per cent change in molsture éontent,
as evidenced by the per cent change in area of the two-
dimensional model, is independent of the angle 8. Farther,
when the same type of analysis 1s applied to a three-
dimensional model, such as the shape taken by a drop of water
at the point of contact of two‘spheres, the per cent change
in moisture content resulting from changes in temperature is
of the same order of magnitude as the eoxample givem. It is
noted that reductions of this order of magnitude were recorded
by Richards and Weaver (21). Ses Table 1.
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EXPERIMENTAL INVESTIGATION

The objective of this investigation was to compare the
long time accumulation of moisture in a soil subgrade be=-
neath an impervious surface with the estimated equilibrium
moisture content based upon measurements of the moisture re-
tention characteristics of the soll and the elevation of the
ground water. The basic purpose is to determine the
feasibility of utilizing moisture retention measurements to
predict the terminal or equilibrium moisture content of a
subgrade under a proposed pavement.

The experimental investigation outlined in this disser-
tation was conducted in two phases. The first phase involved
the routine tasks of periodically determining soil molsture
contents; soil temperatures and water table elevations under
an impervious surface. The second phase was conducted to
determine the soil-moisture retention characteristics and
other properties of a series of undisturbed soil samples
teken from under, and adjacent to, the impervious surface

near the close of the field investigation, or first phase.
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Field Lsboratory

The field laboratory site was located on the Iowa State
University Experimental Farm at Ankeny, Iowa. The parcel of
land selected for the investigation was on a gentle swell of
an undulating, glaciated land form. Drainage in general was
quite satisfactory with no standing water at any time. See
Figure 6. In addition to the glacial till there were pockeis
of granular soll materials interspersed throughout the soil
horizons. The presence of these inclusions of sandy and
gravelly materials in such large quantities suggested the
possibility of a glacial moraine. Since the terminal moraine
of the Cary Lobe of the Wisconsin Glacier was only some 10
miles distant, this seemsed to be a reasonasble suggestion.

An area approximstely 200 feet square was fenced and the
existing wvegetation was cleared. After only minor grading,
an area 150 feet square was covered with an impervious surface.
See Figure 7. The surface was constructed of alternate layers
of hsavy roofing paper and hot asphalt cement. Three layers
of paper were used and the joints were broken where possible.
The papsr was then coated with a heavy application of hot
asphalt cement and covered with pea gravel. The edges of the
impervious surface weres protected from mechanical wear by
placing them in a shallow trench and covering with a shallow
earth £ill. This method of anchoring also prevented the

direct infiltration of surface water. Construction on the



Figure 6. Field laboratory on Ankeny farm; September, 1960
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Figure 7. Fileld laboratory
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surface was completed in August, 1954.

The impervious surface was imnspected and maintained on a
weekly basis throughout the investigation. Minor abrasions
and punctures were patched with hot asphalt cement and gravel
and, vhere necessary, additional roofing paper. After two
years of service the Impervious surface began to show several
defects. A number of cracks were discovered along roofing
paper splices and the asphalt and gravel cover was wearing
thin. In order to lessen routine maintenance, the entire
surface was coated with hot asphalt cement and pea gravel,
This resurfacing was completed in September, 1956.

Five individual test plots were selected at various
positions on the surface. See Figure 8. Each test plot was
ten fest square and was marked off with a one foot grid
system. The intersections of the grid lines ﬁere numbered
and used as a means of control for routine soil-moisture
sampling procedures. With some exceptions, samples were
taken weekly from November, 1954 to October, 1958. Because
an insufficient number of "holes" were provided within the
original ten foot grid systems, the test plots were later
enlarged.

In addition %0 the five test ploﬁs gituated on the im-
pervious surface there was a control plot, supporting normal
vegetation, located approximately 10 feet west of the west

edge of the surface. The control area was marked off im the



Figure 8. Field laboratory
Above: planimetric layout

Below: test plot numbering system
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same manner as the other five areas and was sampled weekly

algso,.

Sampling Procedure

As previously described, all six test plots were gridded
at one foot intervals and each grid intersection was given a
number. All six areas carried the identical grid numbering
system so that a specific point on sach ares could be desig-
nated for a specific sampling period. The grids were estab-
lished by using control pegs at two corners of each area and
a portable template.

The soil samples were taken by first cutting through the
surface with a circular hole saw end then using a two-inch
sampling auger. Samples were taken for moisture content
determination directly beneath the surface and at every foot
of depth down to the water table. After the molsture
sampling was completed, the remaining soil was returned to the
hole in the proper sequence and as nearly as possible at the
original density. The surface was then patched with the
material cut from the surface along with additional asphalt
paper and roofing cement. Particular care was exercised to
tightly seal the broken surface.

The soil samples were then weighed and placed in a drying
oven at 105%° C, at the project site. The samples were allowed

to dry at this temperature for a period of one week, after
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which the samples were reweighed and the moisture contents

determined.

Water Table Determination

At the outset of the project the depth of the water
table was determined in two 16-inch wells on either side of
the covered area. These two wells were cased with concrete
pipe and were each 20 feet deep. The water levels in the
wells were measured by Gurley graphic recorders powered by
Seth Thomas eight-day clocks. The charts for these clocks
were replaced weekly.

The cased wells appeared to work reasonably well at
first, but as time progressed it was noted that there were
serious erratic fluctuations in the water level of the east
well. Upon investigation it was found that the well was
situated in a deep layer of sand. After each rainfall the
water level in the well would rise quite rapidly and drop in
much the same manner. The second well was much léss sensi-
tive to rainfall but showed a continual fall of the water
table over the first two years of the project. It is noted,
however, that these were very dry years and the falling water
table was not surprising.

Because of the questionable data obtsined from the wells
it was decided that a more reliable method of measuring the

depth of the water table should be employed. In 1957 a series
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of 17 water table tubes were installed. Each tube was made
from a 21 foot section of 3/l-inch inside diameter black
water pipe. The outside diameter was eme inch. The lower 16
feet of each tube was perforated with 1/16 inch holes and
ﬁoints were welded on the tips to facilitate driving. The
tubes were placed in one-inch holes augered %o a depth of 18
feet. The tubes were then driven another two feet, thus
penetrating the soil %o a depth of 20 feet. The tubes were
le £t protruding one foot esbove the ground and were loosely
capped to prevent the entrance of extraneous materials. Six
of the tubes were placed in the centers of the six test plots
and the remainder were placed around the periphery of ths
Impervious surface.

The depth of the water table was determined in each tube
weekly, at the time that soil samples were taken. This was
accomplished by lowering a weighted slectrode suspended on a
meeasuring tape inteo the pipe; when the electrode came in
contact with the water surface an electrical circuit was
created and was indicated by a galvanomster. Boefore the in-
stallation of the water table tubes the elevation of the
water teble was estimated by observing the water level in the

wells and by the "feel® of the soil samples.
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Soil Temperature Measurements

In order that the effect of temperature on soil-moisture
equilibrium could be evaluated, a series of thermocouples
were installed to measure soil temperatures both under the
impervious surface and under normal vegetive cover.

Two areas approximately two feet in diasmeter were
selected for the temperature measurements. The area under
the impervious surface, referred to as the covered area, was
located approximately 18 feet inside the surface near test
plot two; the area under normal vegetive cover, or control
area, was located approximately 20 feet cutside the surface
near test plot six. See Figure 8.

Thermocouples enclosed in small brass cylinders filled
with moist; sterile sand were placed in the soil in a circu-
lar fashion at depth intervals of two feet. In both areas a
thermocouple was placed at the soil surface with suecceeding
installations down to a total depth of 12 to 1l feet. The
thermocouples were placed by augering a two-inch hele down to
the proper depth and then gently forcing the brass cylinder
into the undisturbed earth at the bottom of the hole. The
holes were subsequently refilled with the excavated soil as
near the original density as possible. In addition to the
thermocouples in the soil another was placed approximately
one foot above the ground near the centrol ares %o read the

air temperature. All of the thermocouples were connected
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with long leads to a Minneapolis-Honeywell Brown lé-point
recording potentiometer located in the field laboratory shed.
A porteble potentiometer was used to check periodically the
accuracy of the recording potentiometer.

In general, the temperature-measuring apparatus per-
formed satisfactorily but there were a few rather lengthy
breakdowns. For the most part these interruptions were
caused by lightning striking the power source or the building
itself, Two such breakdowns were approximately four months
in length; these particular interruptions were casused by stray
currents which serliously damaged portions of the recorder and,
in one case, destroyed all of the thermocouples which were

subsequently replaced.

Undisturbed Sampling

As a pert of the second phase of this project a very ex-
tensive series of undisturbed soil samples were taken at the
field leboratory. The samples were tsken in Shelby tubes by
an lowa State Highway Commission scil survey crew using a
drilling rig outfitted with a standard drop hemmer and
sampling tube epparatus. The Shelby tubes had a 2=3/8 inech
inside diameter with a 1/16 inch wall thickness and were two
feet long. A total of 2l holes were sampled continuously

down to a depth of approximately 10 feet. With few exceptions
the Shelby tubes were forced into the soll by a screw




63

mechanism rather than by using the drop hammer. An effort
was mads to take only 18 inches of soil sample in each 24
inch Shelby tube. In this manner no compaction of the soil
was possible at the drill rod connectiom. It is felt that
because of this procedure, the samples approached the un-
disturbed state as nearly as was physically possible. The
nearly 240 feet of continuous samples were contained in
approximately 170 Shelby sampling tubes.

The 24 test holes were drivenm so that all four cormers
of each of the six test plots were sampled. The southeast
corner of each of the six test plots was given number one and
the other corners were numbered consecutively through four in
a clockwise direction. See Figure 8. The first tﬁbe filled
in each test hole was given the letter A and each successive
tube was glven a letter in alphabetical sequence. In this
fashion, the first sample tube taken at the southeast corner
of test plot number one was ldentified as l-1=-A; the second as
1-1=-B and so on. In the same mamner, the first tube filled
at the nortnwest corner of area twe was identified as 2-3-4A,
The alphabetical sequence of numbering the soil samples in neo

way reflects soil horizons encountered.

Soil Physical Characteristies

The Shelby tubes were transpoerted to the laboratory from

the fileld site after each day's sampling. Temporary aluminum
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foil and mesking tape vapor seals were used to prevent loss
of moisture during the trip. At the soil physics laboratory
the contents of each tube was cheecked for moisture content
by removing the first inch of soil from the bottom end of the
tube, thereupon the tubes were sealed by pouring melted
parafin into the ends. The parafin was carefully heated so
the temperature was just high enough to permit an effective
seal without causing a serious thermal unbalance in the re-
meining sample. The Shelby tubes were then stored im a hori-

sontal position in a basement room of relatively constant

temperature. Periodic inspections of the seals were made.

As time permitted, each tube was cut open and & large
enough sample was taken for a particle size analysis using
the sieve and hydrometer methods plus enough for the Atterberg
limits determinations. At this time another sample was
checked for moisture content. In addition, a section of tube
approximately six centimeters im height was cut from the tube
using a power hack saw. The ends of ths cut specimen were
then struck off_gently to remove any filings and puddled
soil. The section of the tube and ths soil therein was then
woighed and set in distilled water at a depth of epproximately
five centimeters for at least ¢one wesek to permit nearly com-
plete saturation. After saturation was essentially complete,

the sample was subjected to moisturs retention tests using

pressure plate apparatus.
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The pressure plate apparatus was designed by the staff
of the Agronomy Department of Iowa State University and was
constructed of large acrylic resin tubing and a porous cersmic
plate made especially for such application. See Figure 9.
The porous ceramic plate in the pressure plate apparatus may
be thought of as a series of very tiny capillaries. When the
Plate is dry, it is readily permeable to air; when the plate
is saturated, however, the capillaries become filled, thereby

creating a membrane which is impermeable to alr but permeable
to water. If an excess of ailyr pressure is introduced on one

side of the plate, the water in the capillaries tends to flow
in the direction of decreasing pressure until such time that
the force caused by the excess pressure operating on the
cross sectional area of each tiny caplllary is just offset by
the ciroumferential force in each capillary caused by the
eurvature of the meniscus and the surface tension of the
water. The pressure required to push the water entirely out
of the plate and thereby making it permeable to air is there-
fore a function of the size of the caplllaries in the plate.
The porous plates used in this investigation were capabls of
withstanding pressures in excess of ene atmosphera but were
used only in the range of zereo to ons-third atmosphere. The
average curvature of the menisci in the plate cam be calculated
when the excess pressure is knmown by using Equation 3.

If a soll sample is placed on a porous plate in the
saturated condition, the capillaries of the soil unite with



Figure 9. Construction of pressure plate unit
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the capillariés of the porous plate thereby creating con-
tinuous capillaries for drainage. If air pressure is now
introduced into the apparatus on the side of the porous plate
holding the saturated soil sample the larger poxres of the
soil sample will be drained into and through the porous plate.
When the pressure is held comnstamt all the larger pores of
the so0il sample will drain until the pore or capillary size

is reached where the meniscus is of sharp emough curvature so
that the circumferential force just offsets the force due to
the excess pressure across the porous plate. An equilibrium
condition is then indicated and the menisci in the various
soil and porous plate capillaries have the same, or eguivalent
curvature. If all of the pores in the plate and scil sample
were circular then all of the menisci present at equilibrium
would have the same curvature; this curvature would be squal
to the curvature of & meniscus supporting a column of water
equivalent to the alr pressure difference acxross the porous
Plate,

A total of 20 such pressurs plate units were utilized in
this investigation. All of the units were hooked im parallel
with 2 single regulated alr pressure supply by three foot
sections of rubber tubing. A& direct reading gage was used for
routine adjustments, but a mercury manometer was comnected %o
the air supply at all times teo check the calibration of the
direct reading gage. See Figure 10,



Figure 10. Desorption apparatus
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Differential pressures were applied to the pressure
plate apparatus to simulate 20, }0, 60, 120 and 200 inches
of water column. Although the maximum tension in the water
was only about one-half atmosphers, this was considered ade-
quate for the purposes of determining moisture contents in
the range of interest to the highway engineer.

Naturally, because of the parallel hookup, all 20 units
had to be kept at the same pressure at all times. This made
it necessary to wait for the slowest sample to equilibrate
before the next incremental preassure could be applied. As a
general rule, approximately three to four days time was re-
quired for equilibration at éach incremental pressure. At
this rate, the units were in use for two wseks for each 20
samples.

Each sample was checked twice every day for welght loss.
This was accomplished by disconnecting the pressure plate
unit from the air supply by clamping off the rubber tube; the
unit, still at the test pressure, wes wiped to remove any ex-
cess moisture and then weighed. When the deily weights re-
mained the same, indicating a steady state, the next incre-
mental pressure was applied. Ths pressure plate units were
kept on avthareughly moistened cloth at all times %o prevent
evaporation from the porous plates themselvesa. No attempt
was made to control the humidity of the atmosphere but the

temperature of the laboratory was held at 25° C. through the
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use of a room air-conditioning unit.

After completion of the moisture retention investigation
the individual samples were taken from the pressure plate
apparatus and dried at 105° C. for one week. At the end of
the drying period the welghts were determined and the solls
wers removed from the Shelby tube sleeves., The sleeves were
then accurately measured and weighed. Using ths above data,
aleng with the tare weights of the pressure plate units, the
moisture contents of the soil samples were determined for
each molsture tension. A plot of per cent moisture versus
moisture tension was made for each soil sample; the resulting
curve was a draining or desorption curve.

The average specific gravity of a series of six soil
samples was found to be 2.68. This value was used in comn-
Junction with tho measured volumetric values to determine

undisturbed dry soil densities.
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PRESENTATION OF DATA

Routine data on soil moisture contents, water table
levels, precipitation and soil temperatures were taken during
the period 1955-1958, Because of serious instrumentation
difficulties and severe climatic eonditions the period
October, 1957 to September, 1958 appears to be the only
porlod of reasonable length wherein the data approach a state
of quasi-equilibrium. For this reason, the field data pre-
sented herein are, for the most part, restricted to this
period.

In addition to the field data, information determined in
the soil physics laboratory are presented in the form of de-
sorption curves, mechanical analyses, textural classifica-

tions, Atterberg limits and dry soil densities.

Dssgorption Gurves

A desorption curve graphically portrays the moisture
retention characteristics of a given soil under specifiec
conditions. If for any reason a soil was altered in any way
i%s retention characteristics were also altered. If a given
301l existed in a profile in such a manner that i¢s character-
istics or enviromment did not change with depth, then a

single desorption curve was adequate for depicting its
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noisture retention properties throughout the entire height
of its profile. TIf, however, the density or any other
physical or chemical property of the soil in a given profile
changed with depth, then a series of desorption curves must
be used to present the desorption properties of the composite
profile, an additional desorption curve being necessary for
each different soil or different manifestation of a given
single soil., If two soils, each homogeneous within them-
selves; appeared in s given prefile then ths moisture re-
tention characteristics of the entire profile can be presented
by two individual desorption curves. The only applicable
portions of the two individual curves, however, will be those
portions at the exact levels corresponding to the actual
appearence ¢f the soils in the overall profile. If the
applicable portions of a series of individual desorptionmn
curves, each describing a particular soil in a given profile
are selected, then the result will be a composite desorption
curve which graphically portrays the moisture retention
characteristics of the composite profile. A sharp break in
the soil type of a profile will therefore call for a sharp
break in the corresponding composite desorption curve.
Desorption curves were determined for nearly all Shelby
tube samples taken in the field. The only exceptions were
those samples which, because of sampling difficulties or

aceidental damage, did not accurately represent the actual
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fleld conditions. As noted earlier, there were four test
holes for each test plot and each test hole bore approximately
seven Shelby tube semples, each containing approximately 18
inches of 301l; therefore, a total of 28 to 30 desorption
curves were determined for each test plot. It was necessary
to determine all of the desorption curves because of the many
soll types encountered and also because soil densities wvaried
with depth.

Composite descrption curves were constructed for all 24
test holes. PFigure 1l graphically shows the method used to
develep the composite desorption curve for test hole 1l-1; all
others were similar, A complete desorption curve for sach
sample taken from test hole 1l-1 was plotted on the graph.
Next, the distance from the water teble to the soil surface,
7.8 feet in this case, was laid off from the "water table",
or saturation level as plotted on the desorption curve. A
horizontal line was then drawn which corresponded to the soil
surface. Then the length of each sample was laid off
vertically on the appropriate curve starting with l-1-4 at
the "surface" and working downward until the "water tablse"
was reached. This system presuppeses that the se6il in any
given tube is homogeneous throughout the length of the tube;
whereas in reality, ths only part of any desorption curve
that is applicable is that part which represents the six
centimeter sample that was actually tested in the desorption



Figure 1ll. Construction of a composite desorption curve
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apparatus. The six-centimeter sample was taken in each case
from the lower one-third of the Shelby tube sample. A refime-
ment of this nature was conaidered questionsble, however. No
attempt was made to run more than one desorption curve on the
soll from any one given Shelby tube. GComposite desorption
curves are given for all 2l test holes in Figures 12 to 35.
The plotted points on the above figures represent singular
soil moisture contents taken during the undisturbed sampling
period; these data will be discussed later.

Soil Identification Tests

A series of soil identification tests were made on all
undisturbed samples. In each case the soil semple used for
testing was taken from the approximate center of the Shelby
tube. These tests included particle size analyses, Atterbverg
limits and dry, in-place soil densities. The results of
these tests are slso presented in Figures 12-35. Textural
classifications given are based on the U. S. Bureau of Public

Roads system.

Soil Tsmperature Data

Soil temperatures were obtained with continuous re-
cording equipment both under the imperviocus surface and under

normal vegetive cover. The temperatures were measured



Figure 12.

Test hole 1-1

Aboves composite desorption curve
Below: particle size distribution curves

On FPigurss 12 -« 35 the following symbols are
used:
P =2 dry density
LL = liquid 1limit
PL = plastic limit
PI = plasticity index
¥P = non-plastiec
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Figure 13. Test hole 1-2

Above: composite desorption curve

Below: particle size distribution curves

See Figure 12 for symbols used
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Figure 1llj. Test hole 1-3

Above: composite desorption curve

Belows: particle size distribution curves

See Figure 12 for symbols used
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Pimre 15. Test hole 1l-l

Above: composite desorption curve

Below: particle size distribution curves

See Figure 12 for symbols used
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Figure 16.

Test hole 2-1
Above: composite desorption curve
Below: particle size distribution curves

See Figure 12 for symbols used
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Figure 17. Test hole 2-=2
Above: composite desorption curve
Below: particle size dilstribution curves

See Figure 12 for symbols used
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Figure 18. Test hole 2-3

Above: composite desorption ocurve

Below: particle size distribution curves

o -

See Figure 1l2 for symbols used
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Figure 19. Test hole 2-k

Above: composite desorption curve

Belows particle size distribution curves

See Figure 12 for symbols used
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Figure 20. Test hole 3-1

Above: composite desorption curve

Below: particle size distribution curves

See Figure 12 for symbols used
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Flgure 21. Test hole 3=2

Above: composite desorption curve

Belows particle size distribution curves

See Figure 12 for symbols used
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Figure 22. Test hole 3-=3

Above: composite desorption curve

Below: particle size distribution curves

See Figure 12 for symbols used
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Figure 23. Test hole 3-k4

Above: composite desorption curve

Below: perticle size distribution curves

See Figure 12 for symbols used
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Figure 2.

Test hole l-1
Above: composite desorption curve
Below: particle size distribution curves

See Figure 12 for symbols used
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Figure 25. Test hole =2

Above: composite desorption curve

Below: particle size distribution curves

See Flgure 12 for symbols used
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Figure 26. Test hole /=3

-Above: composite desorption curve

Below: particle size distribution curves

See Figure 12 for symbols used
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Figure 27. Test hole L-l

Above: composite desorption curve

Below: particlse size distribution curves

See Figure 12 for symbols used
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Figure 28. Test hole 5-1
Above: composite desorption curve
Belows pearticle size distribution curves

See Figure 12 for symbols used
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Figure 29, Test hole 5-2

Above: composite desorption curve

Below: particle size distribution curves

See Figure 12 for symbols used
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Figure 30. Test hole 5-3

Above: composite desorption curve

Below: particle size distribution curves

See Figure 12 for symbols used
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Figure 31. Test hole S5-I

Above: Composite desorption curve

Below: particle size distribution curves

See Figure 12 for symbols used
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Figure 32. Test hole 6-1

Above: composite desorption curve

Below: particle size distribution curves

Ses Figure 12 for symbols used
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Figure 33. Test hole 6-2

Above: composite desorption curve

Below: particle size distribution curves

See Figure 12 for symbols used
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FPigure 3. Test hole 6-3
Above: composite desorption curve
Below: perticle size distribution curves

See Figure 12 for symbols used
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Figure 35. Test hole 6=l

Above: composlite desorption curve

Below: particle size distribution curves

See Figure 12 for symbols used
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throughout the soll profiles at intervals of two feet of
depth starting at the surface and extending to depths of 12
to 1l feet. In addition, the air temperature was determined
at a height of approximately one foot above the ground. Be-
cause of lengthy breakdowns the temperature measuring equip-
ment was operative only for the following periods: January
through August, 1955; January through August, 1956; and
February, 1957 through March, 1958.

In order that the temperature data might be utilized it
was necessary to reduce the multitude of readings per day
per thermocouple to & few representative values. This was
accomplished by using only the temperatures recorded at mid-
night, 6:00 A.M.;, noon and 6300 P.M. The average dally
temperatures were then obtained by averaging the four
temperatures at the times given above. Subsequently, the
everage monthly temperatures were determined by averaging the
daily values. The average monthly temperatures for the
various positions in the profiles thus obtained are given in
Pigures 36-39. In each case temperatures are given for the
soil under the impervious surface, or covered area, and uxnier
normal vegetive cover, or conbtrol area.

It is unfortunate that temperature data were not avail-
gble for the entire period of October, 1957 through September,
1958 during which the other data were considered useable, but
it is apparent from Figures 36-39 that the annual soil



Figure 36. Soil temperatures

Above: coversed area

Below: control area
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Figure 37. Soil temperatures

Above: covered ares

Below: control arsea
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Figure 38. Soil temperatures, covered area
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Figure 39. Soil temperatures, control area
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temperature cycle does not vary enough to invalidate the
comparison of like months or seasons from one year to the
next.

Because the average monthly temperature data minimize
extreme measured values 1t was considered necessary to pre-
sent examples of day-to-day temperature data with recorded
extremes. For these examples July, 1957 and February, 1958
were chosen.

Figure U40 presents the average dally soill temperatures
at various depths determined both for the covered and control
areas during July, 1957. Also reported are the average daily
temperatures and the maximum dally temperatures recorded at
the surface of the s0il. It will be noted that the maximum
daily temperatures immediately under the bituminous surface
far exceed the surface temperatures of the control area.

Figure lj}1 presents the average daily temperatures during
February, 1958, In this case the minimum values at the soil
surface were reported. The surface temperatures of the con-
trol area were much higher than the surface temperatures of
the covered area; this is believed to be due primarily to
ground cover in the form of snow and plant mulch. The
covered area was nearly always free of snow probably because

of its high elevation, color and surface textwre.



Figure 1j0, Soil temperatures

Above: covered arsea

Below: control area
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Figure 4l1l. Soil temperatures

Above: covered aresa

Below: control area
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Water Table Data

The average monthly water table depths are given in
Figure 42 for esach of the test plots for the pericd October,
1957 to September, 1958. Each plotted point is an average of
at least four individual weekly mesasurements. The measure-
ments were taken in the center of each test plot using the
appropriate water table tube.

In addition to the graph of the water table depths a bar
graph of the monthly precipitation data is included for
direct comparison. The precipitation data were obtained
from the official weather station at the agricultural experi-
mental farm located at Ankeny, Iowe. The weather statlion is

within a mile of the field laboratory.

Soil Moisture Measurements

The objective of this investigation was to study the
accurmlation of moisture im soil under ah impervious surface;
and to determine the reosponsible mechanisms. To accomplish
this purpose it was considered necsssary not only to present
evidence of molsture accumulation but to correlate measured
values in the fisld with values predicted from information
deteﬁminsd in the laboratory using undisturbed soil samples.

All soil moisture contents determined during the period
October, 1957 to September, 1958 are tabulated in Appendix A.



Figure 42. Water table depths and precipltation data
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The tabular values are in chronological order and each test
plot is listed in numerical order. Information included in
the tables for each determination are the date of sampling,
depth of sampling and the grid number indicating the position
within the test plot from which the sample was taken. The
grid numbers follow the system shown in Figure 8. In each
case the molisture contents were determined at the surface and
at every foot of depth down to the water table as indicated
by the water table tube in the center of each test plot.

It was planned originally to make direct comparisons of
the field data with the appropriate desorption curves deter-
mined in the laboratory. This plan presupposed a somewhab
uniform status of the s0il types and enviromment at the field
site. It was later found that because certain other factors
were present such a correlatiorn involved the simmltaneous
treatment of several salient variables: soill moisture con-
tents; so0il characteristics, variations of the solil charactere
istics within a given test plot, soill sample depth, water
table fluctuation,‘time and soll temperatures. Since such a
comperison was virtually impossible with the limited amount of
control and data availeble it was necessary to make some
asgsumptions and adjustments in plan.

In order to eliminate water table fluctuation as a
variable the period October, 1957 to September, 1958 was

selected. During this period water table fluctuations were
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at & minimun and the individual water teble tubes were in
full operation. For these reesons the data obtained were
considered to be the most dependable of all the data taken
over the duration of the field investigation.

Time was eliminated as a variable by always assuming an
equilibrium condition. Obviously an equilibrium condition
was never reached but the assumption was necessary for
simplification.

By holding the water tsble constant and assuming an
equilibrium condition the problem was reduced to treating the
five variables: so0il molisture contents, soil characteristics,
variations of the soill characteristics within the test plots,
80il sample depths and soil temperatures.

As a first triel it was decided to compare the moisture
contents of the undisturbed samples determined at sampling
with the desorption cuwwves determined from these same samples.
In 80 doing a direect comparison was possible because the
effect of changing s0il characteristics within the test plots
was eliminated and because during the sempling period,
October, 1958, the soil temperatures at the various depths
were approximately the same. The essentially constant
temperatures throughout the soil profile were of the order of
50° #. to 60° F. This phenomenon of constant temperatures
ofigurs semi-anmnually as a cyclic temperature "turnover". See

Figures 38 and 39. Since the desorption curves were determined
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at a temperature of 77%° F. the change in moisture content
csused by the different temperatures in the field and in the
laboratory is probably small. The data are compared with the
individual desorption curves in Figures 12-35. It is noted
that a good correlation exists in nearly every case.

The ideal situation would have permitted a direct corre-
lation of all of the data determined during the period
October, 1957 to September, 1958 with the desorption curves.
Unfortunately such was not possible becsuse of the non-
uniformity of the solls within the test plots. It can be
seen from the grid numbers given in Appendix A that the
weekly soil samples were taken from all parts of the test
areas. This prevented the singling eut of any test hole as
being representative of the entire test plot. Also there
were not enough data in any one quedrant of the test plots te
permit adequate correlation with a single composite desorp-
tion curve.

The individual soil moisture contents found in Appendix
A wore too voluminous to use effectively, so it was necessary
to determine average monthly moisture contents for each foot
of depth for each test plet. Appendix B presents this data.
In most cases the monthly averages represent four to five
weekly moisture conbtents although there were fewer determina-
tions in seme of the coldsr months.

The average monthly values tabulated in Appendix B are



L6

also shown in Figares L3 to [48. In these figures there are
noticeable trends in the upper few feet of the s0il profiles
while the moisture contents at greater depths seemingly
fluctuate without reason. A possible explanation for this
behavior lies in the observed soil types. It will be noted
in Figures 12 to 35 that the upper few fest of nearly every
soll profile consisted of clay loam at a somewhat uniform
dengity whereas the lower portions of the profiles were made
up of widely divergent soil types apd densitiss. Since the
woekly moisture contents were frequently determined in
numerical order, for example 83, 85, 87, 89 and etc., each
time skipping a "hole", it is entirely possible that the
averagse monthly ﬁoisture content determined for one month in
a given test plot may be representative of one soil profile
in the test plot while the next month's average may be deter-
mined from a markedly different soil ﬁrofile in the same
test plot.

The moisture content of the upper two feet of soil in
every test plot fluctuated to a considerable extent through-
out the year but all six test plots sxhibited the same trend.
This trend consisted of an increasing moisture content from
October, 1957 through the colder months of the period and
then decreasing molsture contents as the warmer months
approached. Referring to Figure lj2 which pictures the water
‘table depths during these periods it 1s noticed that the



Figure 43. Soil moisture contents, test plot 1
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Figure llt. Soil moisture contents, test pleot 2
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Figure U45.

Soil moisture contents, test plot 3
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Figure 6. Soil moisture contents, test plot 4
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Figure L7. Soil moisture contents, test plot 5
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increasing moisture contents in the upper reaches of the
profiles observed during the c¢older months took place at a
time when the water table was falling and the decreasing
moisture contents during the warmer months actually took
place at a time when the water table was rising. Apparently
the changing moisture contents in the upper strata were not
due %0 changes in water table level but due to some other
eause. Actually with conservation of ground water it would
be expected that the water table would fall during periods of
increasing moisture contents in the upper horiszons, and vice
versa. In this case, however, it is believed that the water
table adjustment is more the effect rather than the cause.
Naturally there was no conservation of ground water because
no impsrmeable boundary conditions, other than the surface,
were limposed.

In order that a comparison between the field data and
the desorption curves could be made and the above difficulties
arising from variations of soils within the test plota could
be circumvented, it was necessary tec determine a master de-
sorption curve for each test plot. In some cases this was
done with relative ease, in others with an almost certalm
loss of accuracy. In each case the four desorption curves of
each test plot were given equal weight and averaged. This
was done by averaging the moisture contents indicated by the

four curves at various depths and them pasasing & smooth curve
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through the values thus obtained. The depths were chosen so
they coincided with the depths from which the actual desorp-
tion samples were taken.

The weekly moisture contents were averaged for each test
rlot in three month periods. These four psriods are October-
December, 1957; January-March, 1958; April-June, 1958 and
iuly-September, 1958. The averages determined for these
periods are compared with the six average or master desorp-
tion curves on Figures L9-Si. By using this system of com~
parison the soil moisture contents are expressed in terms of
the independent variables: so0ll sample depth as expressed as
the ordinate, soil characteristics as represented by the
sinuosities of the desorption curves, and temperature as in-
directly represented by the four curves determined at
different times of the year. The variable resulting from
the changing soil characteristics within the individual test
plots being accounted for by the averaging process.

Natural Variance of Soil Moisture Contents

It was noted throughout this investigation that specific
noisture contents were hard to duplicate even when a compari-
son was made between samples taken at the same place and atb
the same time. In order to determine a quantitative concept
of what variance between similar samples should be expscted,

a small scale investigation was made.



Pigure 49. Master desorption curve, test plot 1
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Figure 50. Master desorption curve, test plot 2
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Figure 51, Master desorption curve, test plot 3
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Figure 52. Master desorption curve, test plot L




168

2 ax % Average
desorption

' curve
InEEEEny

Depth,
feet 4
: Lo
Average moisture
6 contents 7]
Water table 8 QOct~Dec. 57 ]
v Jon.-Mar. 58
2 #_‘ x Apr.—June 58 —
o July-Sept. 58
8
6 10 14 18 22 26 30 34

Percent moisturs



Pigure 53. Master desorption curve, test plot S
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Figure Sli. Master desorption curve, test plot 6
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Table 2. HNatural soil moisture content wvariance

Test Depth
hole Surface 1 foot deep 2 feet deep

Moisture content per cent

1 23.24 20.88 -
2 12.17 21.27 19.95
3 20.26 20.94 12.48
b 18.58 20,12 11.09
5 19.82 19.50 12.55

An area 12 inches square was chosen near the impervious
surface and moisture content samples were taken at the center
and at the four corners of the square down to a depth of 2
feet. A total of 15 samples were taken. The values obtained
are listed in Table 2. It is interesting to note that al-
though there were no obvious changes in soil type or condi-
tion, the soil moisture contents were quite varient;
especially at thse surface. Even when the surface molsture
contents are discounted; a large variance is still noted at a
depth of 2 feet. A mistake resulted in the rejection of omne
of the moisture contents determined at the 2 foot level,

Since the semples were all taken in such a small area
with all conditions apparently the seme, it is believed that

a natural varience of approximately 2 psr cent may be expected
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between individual determinations, at least in the upper

reaches of the s0il column, without indicating any trend.
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SUMMARY AND CONCLUSIONS

The purpose of this investigation was to study the
phenomenon of the accurmlation of moisture in soil under an
impervious surface such as & highway pavement. A 1list of
findings appears in the latter part of this section.

The overall condition of a soil water system at equilib-
rium can be adequately studied by the application of thermo-
dynamics. Use was made of this concept, particularly of the
free energy function, in explaining the individual energy
contributions, or component free energles, resulting from ad-
sorptive and gravitational force fields, surface tension
offects, pressures and dissolved materials. Equation 38,
page 32, is a general equation which sums the individual
component free energles resulting from the above.

It ean be shown, by applying Equation 38, that the fres
energy of the water found in small wedges and interstices
within a soll structure can be computed with relative ease
providing the osmotic component is known, whersas the froe
energy of the water lying within the practical limits of the
soil particlse electrical force fields, because of the in-
determinateness of the force fields, is difficult to
ascertain. On the basis cof the above, the thQrmodynamic
treatment was greatly simplified by maeking the following
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assumptions: At relatively high moisture contents the
quantity of water in a soill water system, which is held by
the soil particle electrical force fields, remains essentlially
‘constant, and changes in moisture content result only from
changes in the quantity of water held in the wedges and
interstices of the soil structure. Also,for the soils in
this study, the concentration of dissolved materials in the
soll water was elther so low or so evenly distrilmted that no
appreciable osmotic component resulted. It is felt that the
latter assumption is justified for Iowa soils where leaching
is present, but some cautlion should be exercised in applying
the same assumption in areas where saline soils are prevalent.
With the above assumptions, the general thermodynemic treat-
ment reduces to the well-known capillary potential concept.

An epproximete msthod of determining moisture content
changes resulting from temperature changes is proposed on
page 43. This method is based on the temperature dependence
of the surface tension of water. Given the desorption curve
of a specific soil at a specific temperature this method per-
mits prediction of the deserption curve of the same soil at
a different temperaturc.

The experimental investigation was conducted im two
phases:s the first phase was conducted in the field where
soil moisture contents, determined om an oven-ary weight

basis, and soil temperatures were measured under an impervious
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surface; the second phase involved the determination of the
physical properties of an extensive series of undisturbed
soll samples taken at the field site.

The impervious surface was 150 feet square and was con-
structed of several thicknesses of heavy roofing paper and
hot asphalt cement; a final coating of asphalt cement and pea
gravel served to protect the roofing paper. Five individual
test plots, each 10 feet square, were marked out on the sur-
face for concentrated study. IFour of the tést plots were lo-
cated near the corners of the surface and the fifth near the
center. A sixzxth test plot under normel vegetive cover was
selected near the impervious surface to serve as a comparison
standard. A series of 17 water table tubes and two test
wells were driven so that an accurate record of the water
table could be kept. Soil temperatures were taken under the
impervious surface and also under normal cover through the
use of buried thermocouples and a recording potentiometer.

Soll moisture contents were determined weskly in all six
test plots at every foot of depth down to the water table.
The water table was ascertained for sach test plot by using
the wabter table tube located in the center of the test plot.
When operative, the recording potentiometer gave a continuous
record of the soil temperatures. These data were takem inter-
mittently from 1955 to 1958. The soil moisture content and
water table data were ceontinuous throughout the entire test
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period except when severe weather either limited or did not
permit field work. The earlier data are questionable because
of the insufficiently acourate water table data obtalined from
the two test wells and because of umusual weather conditions.
The wells were supplemented by the 17 water table tubes in
July, 1957 and the date from then on are nearly complete.

The second phase of this lnvestigation began in October,
1958 when the soils beneath the impervious surface and the
control area were sampled extensively in 2% inch diameter
Shelby tubes. A series of 2l test holes, one at each corner
of the six test plots; were sunk and continuous samples were
taken to a depth of approximately 10 feet. Each of the test
holes required sbout seven Shelby tubes; therefore, a total
of 170 tubes, each containing from one to one and one~half
feet of sample, were taken, The tubes were forced intoc the
soil by a screw mechanism in nearly svery case, & drop hammer
being used only in a few instances.

Laboratory analyses Wére run on sach of the Shelby %ube
samples to determine the soil moisture tension characteris-
tics, dry density, Atterberg limits, moisture content, and
mechanical analysis. The Atterberg limits and mechanical
analyses were determined primarily for idemtification
PUrposes.

The soil moisture retention characteristics, shown by

desorption curves in this case, were determmined by first
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saturating a 2.4 inch portion of each Shelby tube sample with
distilled water and then submitting the sample in an
individual pressure plate apparatus to moisture tensions of
20, O, 60, 120 and 200 inches of water. The desorption
curves for all of the Shelby tube samples from a given test
hole were then plotted on a single sheet. The point of
saturation on the desorption curves was considered to be
analogous to the water table at the field site and the average
depth of the water table over the test period was laid off
vertically on the desorption curves. A horizontal line was
then drawn across the desorption curves at this height and
labeled the soil surface. The portion of each desorption
curve which was representative of the depth from which it was
taken was used to construct a composite desorption curve for
each test hole. Figure 11, page 77, illustrates the construc-
tion of a composite Gesorption curve. Moisture contents,
taken at the time the undisturbéd semples were taken, were
compared with the composite desorption curves. See Figures

12 through 35, pages 79 through 126.

Since the weekly samples taken over the entire period of
the investigation were taken from all parits of the test plots
it was also necessary %o make an average, or master desorp-
tion, curve for sach test plot. This was accomplished by
averaging the four desorption curves for sach test plot. The

weekly moisture contents in the form of tri-monthly averages
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were then cgmpared with the average desorption curves. See
Figures 49 through S, pages 161 through 172.

Water table fluctuations are graphically presented for
each of the test plots. In addition, the precipitation data
obtained from the cfficilal wsather station at Ankeny, Iowa
are pressented for correlation with the water table levels.
See Figure 2, page 1l.2.

Soil temperatures are given in the form of monthly
averages at lncrements of two feet of depth for both the
covered and uncovered areas. These data are presented for
the periods January-aAugust, 1955; Jamuary-August, 1956, and
February 1957 to February 1958 in Figures 36 through 39, pages
128 through 135. In addition, day-to-day temperatures at the
surface and at selected depths are graphed for July, 1957 and
February, 1958 in Figures U0 and 1, pages 137 through 139.

At the outset of this investigation a preliminary survey
was made to determine the logical site for constructing the
impervious surface. Many possible sites were rejected be-
cause of gravel deposits, poor drainage or other objectionable
aspects. The selected site, as it turned out; had some ad-
vantages and disadvantages not foreseen; specifically, there
existed a wealth of soil types in a small area and a wide
range of soil densities were encountered.

The stratified materials sencountered were an advantage

because their effect on the desorption curves could be
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gstudied. Unfortunstely, the stratified materials were not
wuniform, so as a result many additional problems were en-
countered in correlating the date. Occasional marked offsets
were observed in the composite desorption curves; many of
these were caused by changes in soil types. It is noted that
a soll with a very high moisture content may be in equilib-
rium with an adjacent soil type with a very low moisture con-
tent. This is of course, caused by the differences in the
physical and chgmical makeup of the soils. In the moisture
tension range lnvestligated, it is felt that the physical
characteristics of the soil probably have more effect on the
moisture contents than do the chemical characteristics. The
date support the conclusion drawn by Spangler and Pien (29)
that within a soil column the equilibrium moisture content of
a given soil at a given moisture tension, as predicted from
its sorption curve, is unaffected by stratification within
ths soll column.

At the outset of this investigation it was not realized
that the equilibrium moisture content of a given scil at a
given moisture tension was so greatly affected by its dry
density. PFor this reason, the so0il chosen to be covered by
ths impervious surface was not physically comparable to the
soil that would normelly be found under a highway pavement;
the density of the soil under a pavement would be greater, no

doubt, and more uniform. Actually the changes in density,
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although they introduced additional problems in correlation,
were advantageous because their effect on the desorption
curves was enlightening. Of particular interest is the
epparently reversed trend of the composite desorption curves.
As en example; where no changes in soil type were encountered,
Figure 1, page 8}, shows an increasing moisture content with
increasing height above the water table. This trend is sup-
ported both by the composite desorption curves determined in
the laboratory and by soll moisture contents measured in the
field., Although other factors may contribute, it appears
that the explanation for this behavior lies in the changing
soil densities. The particle size distribution curves shown
on Figure 1l do not indicate any appreciable differences in
the mechanical analyses of the various components of the soil
column. It seems, therefore, that the changing densities are
caused merely by greater compaction. Apparently increased
compaction changes the pore structure so that, over the range
of moisture temsions investigated, the more dense form of a
given soil 1is incapable of holding as much water at a given
moisture tension as a less dense form of the sams soil.
Although the example cited is a special case, the above
phenomenon occurs in most of the composite curves to a
groater or lesser extent.

As pointed out above, for the particular soils and

moisture tension ranges studied, the equilibrium moisture
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content at a glven molsture tension increases with decreasing
density. The increasing moisture content with increasing
height above the water ¥table merely points out that the
equilibrium moisture content inecreasse due to changes in
density is greater than the decrease in moisture content be-
cause of increases in moisture tension. Individual desorption
curves naturally displayed the universally accepted trend of
decreasing moisture content with increasing moisture tension.
In contrast to popular opinion it was found that the
temperature of the soll mass has only a relatively small
effect on the equilibrium moisture content. This statement
applies only to those ranges of soil moisture tension and
temperatures investigated in this project but the information

gathered does support the data presented by Richards and
Weaver (21), See Table 1, page 16. This observation does

not include the moisture concentrations due to £rost action,
but only the accumulation due to the temperature differential
itself,

It was found (Figures 49 through S5k, pages 161 through
172) that the average moisture content at sero depth in each
of the test plots for the psriod January to March was con-
sistently about 4.5 per cax t higher than the corresponding
average moisture content for the period July to Septexmber.
Specifically, test plét number one had an average cold weather

moisture content at 21.5 per cent and a warm weather moisture
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content of 17 per cent, both at zero depth. Using the pro-
posed approximate method for estimating the change in moisture
with temperature it is found that the method estimates a change
of 15 per cent or a reduction of 3.3 per cent moisture content
from the cold period to the warm period. The l.5 per cent
figure compares favorably with the 3.3 per cent figure when

it is considered that frost accummlation during the winter

is ignored and that thes average temperatures at zero depth do
not reflect the true picture of the extremes; temperatures
directly beneath the impervious surface were measured in ex-
cess of 120° F, Such a high temperature probably would not

be possible under a pavement slab becsuse of the thickness of
the pavement as opposed to the very thin impervious layer
employed in this project.

It 18 noted that the moisture contents observed in the
field were nsarly always on the low side of the value pro-
dicted by the dosgerpbion curves determined im the laboratory.
See Figures U9 through 54, pages 161 through 172. This may
be because equilibrium was not in fact attained in the
pregsure plate apparatus or simply because the undis turbed
semples, although taken with extreme care, were not im fact
"undisturbed”. The actual removal of the semples is of course
a disturbing action because of pressure removal and also the
samples were able to swall during the soaking process. 4s

was noted earlier, decreasing density is accompanied by



181

increasing moisture contents at specific moisture tension
levels; so any swelling action caused either by pressure re-
moval or soaking would tend to make the desorption curves
indicate higher moisture contents. Another possibility is
that, in the recent history of the soils under the impervious
surface, saturation had not been complete. As a result, the
ocbserved moisture contents should have agreed more closely
with the sorption, or wetting, rather than the descrption, or
drying, characteristics of the soils. Thié would also
account for the observed low molisture content values. The
eryror involved is not considered to be of major comnsequence,
however.

The f£indings of this investigation may be summarized as
follows:

1. The equilibrium moisture contents in a soil columm
under an impervious surface can be predicted from desorption
curves run on undisturbed samples of the solls providing that
both ths temperature and water table elevation are knowm.

2. Temperature has only a minor effect on the ultimate
moisture contents predicted by the above except under extreme
temperature conditions. The temperatures measured directly
beneath the impervious surface during this investigation were
considered to be abrnormally high during the summer months and
therefore rather large changes in moisture content resulted.

3. PFor soils such as were encountered in this
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investigation the changes in moisture content attributable %o
changes in temperature can be predicted within close limits
with the approximate method herein proposed.

L. Terminal moisture contents at various depths under
an impervious surface as predicted by appropriate desorption
curves are not affected by soil stratification.

S. At relatively low moisture temsion values soil
density has a decided effect on equilibrium moisture con-
tents, higher moisturs contents being observed at lower soil
densities.

6. Under normal field conditions, where increasing
s0il density is noted with increasing depth, it is possible
to note increasing moisture contents with increasing height
above the water table, thereby giving the false impression
that some mechanism is at work which causes saturation of
the soil bensath the imperviocus surface,

By using the resulis of this study it would be possible
for an engineer to predict ths terminal soill moisture con-
tents under an existing or planned impervious surface. To
predict the terminal moisture contents the engineer would
have t0 determins the desorption curves of the soils in the
condition in which they occur, or would occur, in the embank-
ment. In the case of a highway pavement structure the soil
samples would be comracted to the design density. The
engineer would also have to predict the highest level of the
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water table under the surface and estimate the probsble soil
temperatures. The highest moisture comtent of a given soil,
all other conditions being the same, will occur when the
temperature is the lowest. The proposed approximate method,
page U3, estimates equilibrium moilsture content changes re-
sulting from temperature differentials. It must be emphasized,
however, that this method will not accocunt for moisture
accumlation due to "ice lenses”; nor would it necessarily
be accurate if saline soils were encountered. With the above
knowedge, the engineer could determine then the bearing
capaclty of the s0il at the predicted moisture content rather
than at saturation. This would permit the full use of some
soils which are weak when saturated, but relatively strong at

lower moisture contents, to be used in places abeove the

water table where saturation is not apt to ocsur.
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Weeltly Soil Moisture Content Data

Table 3. Moisture Content versus depth, test plot 1

rene’ October, 1 D3 November, 1957 )
12 9 26 2 9 16 53

0 18.32 18.54 19.55 19.39 19.56 22.48 19.03 20.80
1 21.10 22,31 21.18 20.48 20.15 20.91 21.22 21.49
2 20.45 20.12 25,03 20.08 19.85 20.66 20.48 19.56
3 18.78 18.20 16.89 16.94 17.78 19.14 18.34 16.54
L 19.24 14,88 12.21 15.56 18.12 19.78 19.43 17.50
5  17.93 16.73 17.47 16.79 18.4 18.42 18.27 18.10
6  17.58 17.4) 18.61 17.53 18.94 18.59 19.06 17.74
7  17.39 17.87 18.28 17.31 18.66 18.64 18.62 23.19
8 18.52 18.64 18.79 18.33 23.81
9  18.34h 19.51

e 122 67 6 TL 13 15 171 19
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Table 3. {Continued)
?22:11’ Nov. December, 1 Dat?Tanuar 1958 Feb.,
30 "'TT""TEIL"zééi‘ n ‘%i 25 1
0  21.2h4 19.14 20.19 19.12 21.34 22.59 21.04 22.38
1 21.60 21.83 21.25 20.74 20.62 20.25 21.4l 23.12
2  19.02 19.97 20.05 20.64 19.18 19.2§ 20.59 20.94
3  16.73 18.58 31.70 18.60 14.73 15.58 18.26 18.30
4y  14.19 18.40 18.92 18.05 11.18 9.87 17.88 18.5y
S 4.8y 18.01 217.4L0 18.24 15.h4)y 11l.54 17.84 18.65
6 16.75 18.00 20.03 18.59 16.38 16.73 17.83 18.24
7 17.58 18.10 18.65 18.84 18.12 17.56 18.18 18.66
8 5.82 18.37 18.18 18.03 18.06 18.82
ng? 81 83 85 87 91 93 57 97
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Table 3. (Continued)
foot _glareh, 1958 Di;_&r_&_l_‘?ﬂ .
1 22 12 19 26

0 20.50 20.13 23.18 22.16 22.96 20.94 20.59 20.10
1 23.87 21.69 22.47 22.00 23.08 23.75 22.59 21.24
2 20,06 19.75 20.22 18.02 20.70 21.77 22.98 15.90
3 17.72 17.45 18.52 13.h47 16.74 18,80 18.7h 16.18
L 18.76 13.94 15.93 12.21 18.93 17.78 18.14 16.47
5 .19 17.27 1h.99 17.92 10.19 17.69 17.83 17.36
6 17.39 17.85 17.37 16.75 18.78 17.97 17.70 17.46
7 17.27 18.74 18.51 17.64 18.65 18.34 18.23 18.17
8 18.h2 18.63 17.89 17.72 18.04 18.94 18.90 18.41
9 18.09 18.81 18.35 17.94 17.58 19.33 19.08 18.45

Gi%? 105 112 113 115 117 119 120 123
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Table 3. {(Continued)
gggh’ May, 1958 pate June, 1
—5L % - i § Tﬁ'_?‘;iél 21
0  23.38 19.62 19.22 20,28 20.85 20.86 19.06 20.75
1 24,00 22.93 21.54 21.94 22.64 21.62 21.63 22.82
2 23.61 21.89 17.83 19.76 21.68 18.52 19.31 26.68
3 20.98 19.80 15.15 13.33 18,66 14.32 16.98 16.79
L  20.41 19.00 14.76 17.14 18.81 14.78 17.13 16.01
S 18.24 17.96 17.49 17.56 17.92 16.68 14.36 17.45
6 18.05 17.84 17.78 18.70 17.30 17.55 17.19 17.65
7 18.56 17.80 18.96 17.62 18.12 18.07 18.12 18,17
8 19.02 17.83 17.73 18.17 18.60 13.13 18.34 18.31
9 18.80 18.99 18.46 18.36 17.15 18.45
Gﬁ? 133 131 127 125 132 129 12 126
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Table 3. (Continued)
foos July, 1958 Pete gt 1958
0 —2 9 16 26
0  16.78 19.70 22.31 15.4 17.00 16.65 17.27 1h4.84
1 20,40 22.09 21.64 19.39 19.99 18.95 20.70 19.29
2 19.97 19.10 20.04 16.19 17.4 17.21 17.76 18.90
3 19.47 16.96 15.98 15.38 16.37 16.79 15.97 17.20
L 18.1) 18.23 18.64 12.67 17.1h 19.45 17.53 19.14
5  17.69 17.72 17.52 16.21 16.57 16.31 15.86 16.27
6 15.18 18.14 17.48 15.84 16.38 16.61 16.63 16.07
7 17.23 17.68 16.17
Ggi? 13 14y U1 136 143 138 12 138
Aug. __6_8_9922%_ Oct.
30 L
0 18,26 == 16.39 14.60 15.40 17.55
1 20.30 ==  20.09 19.09 18.73 19.20
2  18.97 18.21 18.68 17.55 17.34 16.62
3 21,67 16.38 17.81 16.63 15.90 16.75
4L 16.63 17.90 17.60 17.42 17.50 18.66
5 16.48 16.3L 16.68 16.60 16.46 17.28
6  14.50 16.63 16.80 16.76 17.10 17.52
7  15.91 14.92 16.59 17.09 17.28 17.35
8 17.0l 16.71 17.37
Grid
no. 135 137 140 15 146 147
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Table 4. Moisture content versus dspth, test plot 2

Depth, Date
feet October, 1957 November, 1957
5 12 19 26 2 9 16 23
0 16,81 17.64 15.01 15.30 15.65 21.29 15.69 16.40
1  20.67 22.49 18.70 18.58 18.67 20.18 20.12 19.29
2 20.62 20.93 17.59 19.31 17.67 20.72 19.60 18.12
3 20.79 16.46 13.24 15.72 14.07 17.28 16.78 11.96
L 26,37 16.27 20.99 19.29 17.03 17.28 14.28 21.56
5  21.13 23.76 27.25 29.82 29.04 30.20 26.07 30.29
6 39.14 25.50 27.45 25.86 30.53 32.84 29.95 28.28
7  30.72 19.26 27.02 24.93 24.73 25.79 27.40 2445
8 22.23 23.94 18.29 18.35 20.72 29.48 17.48 23.40
9 26.88 28.08 27.23 26.29 25.50 25.75
10 27.06 30.73
11 25.85
ee 122 67 & 7 1 15 1 T
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Table lj. (Continued)

Depth, Date

feet Nov. __g_oﬂltberﬁj__lj% Januu'%i__lﬂm__ Feb.

30 1 3 1

0 25.91 22.93 2l.46 18,71 18.10 15.90 21.92 17.02
1 19.89 20.71 20.41 21.78 19.62 19.73 21.66 25.29
2 18.h2 19.62 20.10 22.60 18.88 17.70 20.78 20.72
3 13.58 15.86 17.29 20.69 16.15 16.00 19,58 19.14
L 22.80 25.56 25.54 2449 23.12 20.92 25.28 19.30
5 34.75 32.0h4 28.80 27.72 31.03 30.58 32.05 29.06
6 25.43 25.46 31.04 28.19 27.32 26.10 29.34 31,1k
7  25.1h 26,17 2L4.63 30.15 25.91 24.70 25.36 30,31
8 20.37 19.53 19.80 27.16 29.49 24.14 20.35 24.60
9 26,58 26.17 27.00

Grid
no. 81 83 85 87 91 93 95 97
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Table 4. (Continued)

Depth, Date

feet February, 19 March, 1958 April, 1
"‘TF“Jhﬁﬁfiﬂi 22 29 T %g

0 17.02 17.88 18.0h 22.80 23.6L4 16.78 20.02 19.17
1 25.93 21.62 244.90 24.76 23.46 20.98 21.h2 22.69
2  23.95 18.67 19.22 22.10 20.26 18.88 22.06 21.8)
3 17.51 15.52 16.65 19.22 15.8) 15.97 22.18 19.7k
L  20.71 24.13 24.75 16.20 15.98 19.60 22.79 26.15
5  31.94 30,05 32.86 35.03 36.06 2B8.7L4 26.07 32.29
6 34.73 24.31 26.16 33.hh 35.14 23.45 2h.h4ly 28.85
7 30.11 24.54 24.72 26.70 18.98 23.21 23.79 26.55
8  23.79 26.41 22.40 19.97 27.89 23.83 25.10 18.48
9  26.60 26.65 26.8L 26.65 27.07 25.98 28.07
10 27.53 27.33 26.45

Grid

RO, 99 103 105 109 113 115 117 119
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Table .. (Continued)

Depth, Date

feet  April, 1958 May, 1958 June, 1958

19 26 3 10 2l 1 7 13

o 17.93 18.43 1h.38 17.37 16.19 16.79 38.93 16.81
1 21.01 22.90 23.03 22.07 22.15 20.88 22.77 23.28
2 22.03 21.59 27.38 21.72 20.89 20.81 20.62 20.59
3 18.15 20.62 18.83 19.75 18.87 17.74 16.99 17.69
Iy 25.94 20.09 28.70 24.83 28.86 26.1) 23.08 26.98
S 28.30 28.32 25.84 28.29 31.97 20.13 26.01 29.92
6 3.1y 25.27 32.65 28.69_ 30,67 22.78 28.19 30.20
7 >25.13 21.7h 29.79 25.64 32.27 30.86 24.58 31.24
8 21,13 24.55 190&3. 19.5) 20.67 20.10 22.59 23.20
° 27.29 28.12 27.85 28.30 26.62 27.66 28.66 27.10
10 27.55 26.48 26.82 27.16 26.69 26.16 27.67
11 27.68 27.14

Ggi? 120 123 133 131 127 125 132 129
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Table L. (Continued)

Depth, Date

feet June, 1958 July, 1958 August, 1958
21 2 12 0 2 2 9

16.01 16.02 14.15 15.82 1441 12.38 12.96 12,78
21.80 21.31 18.08 20.91 19.75 16.60 19.02 17.61
20.64 20.24 17.7h 21.68 19.05 16.61 19.14 16.99
18.97 16.93 14.26 22.09 21.00 13.40 20.24 12.52
22,13 14.60 20.74 19.31 19.95 1L.56 20.51 9.48
28.86 30.9h 28.02 31.47 24.86 28.04 25.30 16.67
27.11 23.38 25.62 13.79 25.93 19.97 24.60 23.02
21.92 23.28 21.12 23.16 18.80 18.78 18.09 17.69
26.50 19.54 22.65

9 27.05 25.89

Qrid
RO, 12k 126 134 Ly 1 136 13 138

0 N o0 N F oW MO
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Table L. (Continued)

Depth, Date

feot August, 1958 September, 1958 Oct.
16 26 30 [3 13 20 2 L

13,55 13.73 13.30 == 13.33 14.78 13.72 16.33
19.45 17.17 16,57 ==  19.01 17.86 18.76 18.61
19.90 17.33 15.68 28.76 18.73 17.09 16.78 17.80
19.32 14,76 12.90 17.42 17.09 14.05 13.93 1h.94
17.51 15.26 15.26 == 20,92 11.90 11.05 11.70
26.97 19.81 30.50 16.92 21.72 12.93 1ll.4h 22.39
25.23 22.92 24.69 17.00 25.42 28.71 23.97 25.12
18,54 17.73 20.18 18.46 19.0L 3C.31 29.6L 31.26

25.56 25.35 28.63 29.82

~N 00 VU F w N O

(o]

Grid
no. 2 139 135 137 140 5 w6 7
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Table 5. Moisture content versus depth, test plot 3

Depth, Date

foot Octcber, 1957 November, 19 Dec.
-5 12 15 26 “17““1&3"‘J;§T‘” 7

0 21.06 15.79 22.83 18.27 20.75 21.92 2l.h44 21.02
1 22.57 22.71 244.50 23.57 21.58 23.28 23.55 22.31
2  17.28 21.01 21.72 21.17 17.40 17.86 20.1 18.50
3 18.66 18.34 18.69 17.58 15.18 14.49 17.45 17.60
L 17.19 17.98 17.67 rock 18.68 11.19 16.95 18.27
5  19.58 17.80 22.46 18.77 21.22 17.07 17.56
6  17.15 17.45 18.04 17.69 17.34 18.15 16.43
7 15.49 17.93 17.79 16.96 17.4hh 17.64 17.35
8 18,31 14.59 25.39 21.55

9 18.55 16.23

. Grid

no. 122 67 69 71 75 77 81 83
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Table 5. (Continued)

Depth, Date

foet December, 1957 _January, 1958 Februarga 1958
1 i 11 108 1 22

0  22.73 20.h) 12.84 20.52 18.38 20.22 19.47 20.15
1 22.38 21L.17 22.52 24.0h 23.47 22.56 22.17 22.58
2 19.19 15.86 20.69 17.72 17.64 16.76 15.50 19.88
3 17.82 13.83 rock 17.85 16.56 14,78 17.99 16.80
L 18.11 18.67 17.19 17.23 17.42 18.49 16.28
5  18.38 17.58 18.01 15.98 19.50 17.h41 16.59
6  17.57 16.29 16.92 15.95 17.32 16.96 16.6L
7  18.09 16.32 17.55 17.4.2 18.67 17.77 16.85
8 20.03 19.52
Grid

no. 85 87 91 23 95 97 99 103
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Table 5. (Continued)
fost March, 1958 Date April, 1958
8 15 22 29 7 12 19 26

0 23.39 20.99 25.26 20.84 20.51 21.93 25.72 21.97
1 2,.83 27.37 24.34 23.00 22.2 23.05 22.00 23,68
2 15.26 19.60 19.91 15.38 17.09 17.59 17.95 19.78
3 16.83 17.64 17.19 16.17 17.78 17.24 18.25 18.74
i 17.23 18.68 16.05 17.28 17.37 17.22 17.93 17.90
5 16.70 21.47 17.57 16.4ls 16.88 16.95 18.4h 17.59
6  17.13 20.16 18.72 16.64 18.26 18.37 17.46 18.41
7 16.38 21.145 19.90 rock 18.67 17.51 17.11 18.88
8 16.71 17.71 17.73 16.56 19.00 18.50 17.41

Ggg? 105 112 113 115 117 119 120 123
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Table 5. {(Continued)

Depth, Date

feet May, 1958 June, 1958 July

3 10 2l 1 7 21 28 5

0 22.88 20,78 18.43 21.54 20.82 19,39 19.83 17.84
1  21.80 21.81 22.17 23.08 21.53 22,06 22.29 23.66
2 17.70 17.02 18.19 16.31 17.29 19.39 19.99 21.02
3 17.88 15.38 17.66 17.14 17.52 17.13 19.77 16.68
L 17.72 17.50 15.49 16.86 17.40 16.52 18.50 18.76
5 17.06 16,56 16.65 18.75 16.96 18.28 18,13 15.46
6 18.06 17.00 17.21 16.81 18.16 17.28 17.51 18.19
7 18.41 18.09 17.09 20.58 16.87 22.56 21.29 18.52 .
8 18,89 17.72 20.88 17.73 17.77
9 18.55

Ggif 133 131 127 125 132 12l 126 13l
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Table 5. (Continued)
Dopth, Date
feet July, 1958 August, 1958
12 20 26 2 9 16 26 30
0 16,74 18,06 12,68 17.16 14.22 17.78 11l.45 15.42
1 22,22 23.29 21.05 18.52 21.34 21.12 21.66 21.93
2 18.63 21.21 19.11 17.55 18.76 12.98 19.19 18.91
3 16,62 18.54 15.46 16,54 16.34 16.17 16.47 15.87
4  18.30 19.08 17.09 19.19 15.89 17.29 17.39 15.95
5 21.57 18.62 18.33 19.32 17.38 17.57 16.85 14.25
6 18.74 17.80 20.98 18.79 18,12
Grid
AC. 138 142 139 135
Octo
Y
0 - 17.18 18.69 16.40 19.85
1 ee 21.40 22,87 21.71 22.18
2 23.95 18.88 19.63 19.25 19.42
3 18.76 16,76 17.95 17.79 13.7h4
L 16,07 17.82 13.56 12.52 12.37
5 20.22 16.66 13.11 13.58 11.07
6 18.34 17.78 1h.75 16.kk 17.1h4
7 17.33
Grid "
no. 137 10 s U6 147
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Table 6, Moisture content versus depth, test plot 4
rngzh’ October, 1957 Date November, 1957
5 12 19 26 ° 16 23 30

0 17.10 17.00 16.83 17.12 18.L0 17.86 21.63 16.56
1 17.30 18.60 19.1} 18.60 17.30 18.68 17.51 18.33
2 16,4l 18.47 .79 15.72 18,18 18.35 16.86
3 18.39 17.kl 17.16 16.27 13.25 14.05 17.39 17.51
S 18.29 19.27 17.82 19.09 18.06 18.36 18.31 18.67
5 17.77 19.42 18.87 19.11 17.74 18.90 19.79 18.07
6 17.68 20.61 21.26 18.63 ew 18.56 19.83 17.88
7 18.91 30.66

Grid ,

no. 122 67 69 71 75 717 79 81

December, 1957 January, 1958 Feb.
7 il 21 28 L 11 18 1

0 21.25 19.70 16.59 23.57 20.15 19.69 19.95 18.41
i 18.43 16.98 17.22 19.06 16.03 17.66 17.00 16.05
2 16.09 15,18 15.70 18.82 18.56 14.68 15.26 13.69
3 17.46 15.90 18.72 18.69 17.03 19.86 16.46 19.61
b 20.66 19.35 18.h46 20.06 20.29 21.24 19.20 18.82
5 18.87 18.68 18.47 20.12 18.h)y 19.68 19.37 19.02
6 18.74 18.00 18.68 21.83 19.23 22.90 19.33
7 19.21 19.02

Grid

no. 83 85 87 89 o1 93 95 97
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Table 6. (Continued)

fngzh’ February, 1958 March, l{g;g April, 1958
15 22 8 15 22 29 7 12

) 16.63 19.30 17.39 18.61 18.31 20.80 18.32 19.00
1 16.52 18.22 19.26 18.68 18.66 19.22 19.11 17.36
2 19.69 17.02 15.08 17.81 18.47 18.91 18.46 14.99
3 18.34 15.68 17.48 17.18 17.71 18.29 19.50 19.62
L 20.44 19.43 10,17 -= 20,12 20.87 22.22 19.7h
5 19.26 18.20 18.87 20.72 19.83 19.14 21.59 19.71
6 23.59 18.64 19.38 19.39 19.85 19.13 20.20 19.61
7 20.82 22.55 18.90 19.04 20,60 == 20.50 19.65
8 26.48

Griad

no. 101 103 _ 105 112 113 115 117 119
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Table 6. (Continued)

Depth, Date

feot  April, 1958 May, 1958 June, 1958

19 26 3 10 2L 1 T 21

0  17.97 19.30 18.07 17.96 17.h0 18.34 16.81 18.29
1l 15.89 19.45 16.71 17.79 17.09 17.85 17.0h 19.61
2 15,35 18.15 rock .73 15.32 18.98 12.53 18.06
3 18.22 21.76 17.90 18.05 15.59 15.80 19.04
i 20.33 20.29 19.85 20.58 19.20 18.83 20.74
5 18.42 20,35 19,17 18.47 18.40 19.98 20.13
6 18,56 21.68 rock 17.65 18.56 17.L3 19.18
7 19.95 19.47 19.76 15.82 20.62
8 18,07

Gﬁgf 120 123 133 131 127 125 132 12h
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Table 6. (Continued)

Deptn, Date

fest June Jul 1958 Angt_zst5 1958
28 1

0 19.83 16.61 18.18 20.44 1y.74h 11.19 16.49 16.41
1 22.29 15.80 20.21 20.22 16.70 20.88 17.27 17.69
2 19.99 16.85 19.14 19.53 15.71 18.45 17.01 18.33
3 19.77 17.75 17.62 18.42 13.72 15.58 16.91 16.92
bt 18.50 18.60 21.75 20.26 15.11 16.80 19.06 19.35
5 18.13 22.51 20.78 23.12 17.11 16.34 19.29 20.25
6 17.51 19.00 20.21
7 21.29
Grid

no. 126 134 1y W1 136 13 138 12
w nga% October
2 30 13 20 2 l

16.05 15.12 21.96 16.75 14.08 16.36 19.85
17.40 17.67 16.06 16.15 18.18 16.62 22.18

17.28 17.35 19.80 17.85 17.06 16.62 19.h2

16.86 18.09 20.64 16.87 16.36 16.09 13.74
20.12 20,34 18.92 18.65 17.97 17.75 12.37

18.06 2h.71 16.70 18.15 19.45 21.84 11.07
2,.03 18,09 30.14 21.66 16.97 2h.22 17.14

T 17.33

Grid
mo. 139 135 137 10 15 16 147

oo VU & W M o+ O
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Table 7. Moisture content versus depth, test plot 5
?ggzh’ October, 1957 pate November, 1957
5 12 19 26 9 16 23 30

0 21.27 21.15 20.46 21.56 23.94 21.74 26.80 23.66
1 2l .65 20.20 21.72 23.78 23.58 23.39 20.91 23.53
2 2 .42 19.32 19.64 22.64 23.54 22.68 18.06 19.18
3 23.61 17.12 15.63 18.77 23.76 22.84 14.63 13.68
k .71 25.02 27.05 26.79 15.96 25.40 13.72 28.63
5 12.39 17.67 19.73 28.08 20.92 14.09 23.00 27.08
6 8.77 17.72 19.46 27.43 17.34 15.69 19.57 23.11
7 11.49 25.49 24.96 23.19 10.80 12.94 11.92 21.03
8 9.16 17.96 1Lh.54 18.56 9.83 22.25 15.61 17.69
S 16.08 20.73 16.57 19.27 .33 22.55
10 21.36 21.2i

G;i'? 122 67 69 71 75 7 79 81
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Table 7. (Continued)
?Zgzh’ December, 1 Januapatelci 8 Feb. March
7 1 1 1 1 8
0 21.66 24.27 21.48 24.47 22.07 22.27 22.15 24.68
1 23.21 24.60 24.50 21.12 21.94 24.16 23.47 25.43
2 22.78 24.70 24.ly 19.59 20.08 21.22 24.52 19.36
3 21.37 22.54 25.29 15.92 14.67 18.6) 20.04 14.0L
L 17.83 18.79 23.17 24.68 12.94 11.12 11.89 11.8hL
5 30,29 14.77 16.35 22.53 13.85 17.33 11.58 23.31
6 28.78 12,61 13.63 14.38 30.90 1h.h49 10.93 32.4L
7 23.58 15.14 15.67 12.10 17.14 14.88 12.68 13.84
8 27.56 16.37 14.96 16.49 19.68 18.15 16.12
9 17.59
Grid
no. 83 85 87 91 93 95 97 105
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Table 7. (Continued)
g:ggh, March, 1958 923@;1, 1958 May
15 22 29 7 12 19 26 3

0 23.13 26.39 23.15 22.97 24.07 26.53 22.55 22.04
1 22,74 21,99 22.57 23.94 24.76 25.38 23.29 23.28
2 18.52 19.24 18.90 22.55 23.06 23.98 17.87 23.15
3 15.05 15.79 15.31 19.70 19.19 21.63 15.05 20.85
4 12.39 11.88 10.22 13.03 S.76 12.59 17.27 14.45
S 24 .84 31.37 wrock 11.19 9.20 1lh.ulh 23.75 11.18
6 26.39 30.38 11.43 11.53 18.61 29.72 13.62
7 25.63 33.55 11.88 9.92 13.34 29.38 9.51
8 29.60 29.52 13.18 11.16 13.25 26.25 19.60
] 29.96 15.75 1rock 19.61 30.6L4 19.96

Gﬁi? 112 113 115 117 119 120 123 133
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Table 7. (Continued)

Depth, Date

feat May, 1958 June, 1958 July

10 17 2l 1 7 21 28 5

0 22.21 21.48 21.74 21.11 21.67 20.36 20.51 21.75
1 2h.25 22.98 23.22 21.37 23.38 21.22 23.46 21.58
2 23.71 21.36 21.64 19.57 23.19 17.85 23.95 19.10
3 24.30 16.43 17.63 13.79 16.85 14.55 23.78 16.64
L  10.72 13.88 10.41 11.85 13.36 11,29 22.28
5 T4 == 9,70 13.08 12.49 1lh.h2 11.10 17.71
6 10,17 1h.13 9.94 23.35 10.47 25.4k 8.77 19.59
7 7.16 1494 11.25 28.26 11.21 26.03 9.62 19.0L4
8 13.22 15.48 15.67 26.67 13.96 27.55 11.70 17.63
9 19.34 13.30 22.94 27.34 18.h4) 28.25

Gii? 131 129 127 125 132 12y - 130 134
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Tgable T. (Gontinued)

Depth, Date
feot July, 1958 August, 1958
12 20 26 2 9 16 26 30

0 21,72 22.13 20.78 18.20 21.72 20.59 20.50 21.06
1 21,11 23.09 21.05 20.14 21.45 21.23 21.31 21.13
2 18.58 19,08 19.32 18.54 21.18 18.27 20.73 19.15
3 18.20 18.4L 18.17 16.58 20.51 17.65 18.37 17.23
i  22.95 20.14 19.19 20.03 18.89 24.86 17.75 20.15
5 - 21.06 18.45 17.39 16.68 16.21 21.13 16.79 18.98
6 14.83 17.75 18.64 16.32 17.08 17.48 18.43 18.97
7  16.02 18.48 19.03 14.75 17.26 19.87 16.79 18.84
8  1.85 |

Grid

no. gy 1h1 136 13 138 142 139 135



21l

Table 7. (Continued)

Depth, Date

feet September, 1958 October, 1958

5 13 20 27 4

0 2h.58 21.63 19.84 20.00 21.51
1 26,10 22.43 23.38 22.02 22.64
2 = iB. 25 21.05 19.63 19.16
3 24,09 18.17 17.65 1h.34 13.86
ly 20.81 23.02 15.71 13.32 9.72
5 17.99 12.24h 9.52 7.00
6 17.99 17.92 11.2¢ 11.72 13.90
7 18.48 16.99 14.08 13.83 18.92

Grid |

no. 137 1.0 U5 16 17
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Table 8. Moisture content versus depth, test plot 6
?zgf;h’ October, 1957 Dete November, 1957
5 12 19 26 2 9 16 23

0 13.65 24.65 23.58 22.53 23.43 22.65 25.84 25.65
1 21.49 22.76 21.04 21,12 21.38 20.98 23.19 22.36
2 19.05 21,95 21.65 19.02 21.41 21.19 36.08 23,57
3 18.93 23,17 21,65 22.26 22.13 20.48 22.03 24.60
L 16.85 20.24 19.40 19.87 20.00 20.06 18.60 22.01
5 16,62 19.73 19.30 19.7h4 19.52 19.05 18.01 20.36
6 16.75 19.80 19.35 18.08 20.49 20.98
7 17.08
8 1,13
9 21.41

Gﬁ%? 122 67 69 71 73 75 77 79
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Teble 8, (Continuead)
Depth, Date
feot Nov. December, 1 Januar 1
30 T 21 2 3 1 1
0 29.66 28,67 27.87 25.03 19.67 L2.59 35.46 ==
1l 22.29 22.32 21.61 23.28 - 22.25 21.59 23.79
2 22,07 22.66 20.88 23,99 21,19 19.27 20.03 21.67
3 22.21 22.45 22.00 22.29 21.36 20.61 20.01 20.51
Iy 20.11 21.03 18.58 19.49 19.38 18.49 20.40 18.8L
5 19065 20.18 18.85 1807h. hadad 13056 18022 19'17
6 19.66 18.56 19.28 17.hli wvoid 18.7h 18.%0
space,
7 water 18.69 18.23
Grid
no. 81 83 85 87 89 91 93

95
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Table 8. (Continued)}
Depth, Date
feet Jan, February, 125%, March, 1
25 8 1 22 1 2
0 2.2 21.95 27.91 31.08 26.82 Ll.35 25.73 22.92
1l 23.38 23.19 22.36 21.23 2.6 24.k3 23.06 21.84
2 19.89 20.13 19.99 19.74 19.64 19.31 21.19 21.15
3 21.31 20.79 20.62 19.66 18.93 21.73 20.66 20.58
L 18.80 18.72 19.50 water 17.50 22.7h4 18.07 19.77
pocket
s 18.97 18.80 19.10 18.59 18.8¢ 18.58 18.79
6 19.35 18.85 18.10 18.32 18.78 18.11
T 18.70 18.74 21.75 18.39 18.63 17.67
8 18.78 18.h49
Grid
no. 57 97 99 101 103 105 109 113
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Table 8. (Continued)

Depth, Date
feet March April, 1958 May, 1958
29 T 12 19 26 3 1 17

0 22.80 24.66 23.71 21.71 16.57 23.53 43.90 23.79
1  21.72 22.94 21.89 24.26 21.28 23.35 22.90 21.87
2  21.43 22.22 20.61 20.27 19.42 20.01 19.61 18.42
3  20.98 21.23 20.70 22.50 20.32 20.234 19.17 18.4Kt
L 19.79 21,20 20.02 18.22 18.13 19.37 20.89 19.27
5 18.42 19.37 19.15 18.31 19.16 19.55 19.49 17.89
6 10.86 18.43 17.74 19.33 17.86 17.65 18.25 19.60
7 18.33 18.91 18.96 18.97 17.58 19.58 17.65 18.03
8  18.59 19.43 17.34 18.91 18.30 18.06

Grid

no. 115 117 119 120 123 133 131 129
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Table 8. (Continued)
foos 1958 Ju;§;t;958 July, 1958
Egﬁf"géii" 7 13 3128 12
0 .12 10.67 18.08 24.38 19.31 24.66 2441 23.50
1 19.70 18.30 20.95 20.24 21.08 19.26 24.08 22.92
2  18.27 17.28 18.07 17.52 20.96 15.84 22.99 21.18
3 17.89 16.55 19.06 15.76 20.20 16.h45 23.00 22.03
W 17.64 1T7.13 19.43 16.01 18.46 18.28 15.07
5 17.38 17.13 18.43 18.10 18.45 18.26
6 17.52 '17.34 16.84 18.51 18.29
7 17.88 17.20 17.91 17.10 18.37
8  18.45 17.98 17.93
9 18.52 18.60
10 18.26
G§§? 127 125 132 129 12l 126 134 gy
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Table 8. (Continued)

?zggh’ July, 1958 - Augus?ftg958 Sept.
2 2 2 9 16 26 30 6

0  23.10 12.68 19.97 15.26 12.02 13.98 17.30 27.74
1 23.33 21.05 21.65 19.35 14.72 13.45 17.39 22.45
2 22,97 19.11 20.39 17.97 16.02 13.48 16.20 20.01
3 23.80 15.46 22.67 17.4hy 19.61 16.25 22.66 21.32
L 17.09 19.94 17.52 17.13 19.86 21.57 19.59
5 18.33 17.66 17.59 17.58 24.10 19.42
6 17.61 17.90 23.11

7 17.72 18.10

Grid
no. 41 136 3 138 2 139 135 137

Se%tembera 1958 Ocﬁober, 1958
1

) 19.h2 17.39 18.10 12.27
1 21.03 20.38 19.76 18.74
2 20,24 19.83 17.88 17.95
3 20,00 19.45 17.82 16.71
L 18.20 19.16 16.91 17.75
5 20.61 18.03 16.13 17.65
6 18.05 18.13 17.38 17.10
7 16.87
Grid

no. o WS W6 1T
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Average Monthly Soil Moisture Content Data

Table 9. Moisture content versus depth, test plot 1
ggggh, Octo 19%Zvo Dac, Jan.Datgeb. Ma%?ga Apr. May

o 18.95 20.62 19.48 21.66 22.38 21.49 21.15 20.T4

1 21.27 21.07 21.27 20.77 23.12 22.51 22.66 22.82

2 21.42 19.91 20.22 19.67 20.94 19.51 20.34 21.11

3 17.70 17.71% 18.59 16.19 18.30 16.79 18.12 18.64

L 15.47 17.80 18.46 12.98 18.54 15.21 17.83 18.05

5 17.23 17.61 17.88 1Lh.94 18.65 16.09 15.77 17.89

6 17.79 18.22/ 18.87 16.98 18.24 17.34 17.98 17.89

7 17.71 19.34 18.53 17.95 18.66 18.26 18.35 18.uh

8  18.57 18.09 18.82 18.16 18.57 18.49

9 18.30 18.61 18.75
June Juigse Aug. Sept.

0 20.36 18.56 16.80 15.h46

1 22.13 20,88 19.8% 19,30

2 21.19 18.82 18.06 17.94

3 16.02 16.95 17.60 16.68

Iy 16.77 16,92 17.98 17.60

5 16,79 17.28 16.30 16.52

6 17.68 16.66 16.04 16.82

7 18,02 16.58 16.47

8 17.31 16.88

S 17.98
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Table 10, Moisture content versus depth, test plot 2

?2§Eh, Octf§§7ﬂov. De?%te Jan. Feb%958 Merch
0 16.19 19.00 21.03 18.64 17.30 20.32
1 20.11 19.63 20.96 20.33 2.28 23.52
2 19,61 18.91 20.77 19.12 21.11 20.12
3 16.55 14.73 17.94 17.24 17.29 16.92
It 20,73 18,59 25.19 23.10 21.38 19.13
5 25.49 30.07 29.52 31.22 30.35 33.17
6 29.4k8 29.41 28.23 27.58 30.06 29.55
7 25.49 25.50 26,98 25.32 28.32 23.40
8 20,70 22.29 22.16 2h4.66 24.93 23.52
9 27.12 25.62 26,38 26.75 26.85



Table 10. (Continued)

Depth, Date 1958 |

foot April May June July August September
) 18.89 15.98 16.41 14,19 13.26 13.94
1 22.00 22.41 22.00 18.84 17.96 18.54
2 21.88 23.33 20.58 18.77 17.81 17.53
3 20,17 19.15 17.66 17.68 15.95 15.62
b 23.7h 27.46 22.58 18,64 15.60 1L4.62
5 28.74 28.70 27.17 28.10 23.85 15.75
6 28.18 30.67 26.33 21.33 24,09 23.78
7 24,30 29.23 26.37 20.46 18.45 24.36
8 23.32 19.88 22.38 25.45
9 27.36 27.58 27.27
10 26.82 27.00 26.84




22

Table 1l. Moisture content versus depth, test plot 3

?2§gh, Octzgz; Novembegatgecember JanuizgsFebruary March
0 19.48 21.37 21.39 19.45 19.94 22.62
1 23.34  22.80 21.95 23.34  22.43 21,.88
2 20.30 18.46 17.85 18.68 17.38 17.54
3 18.32 15.70 16.42 17.20 16.52 16.96
i 17.61 15.60 18.35 17.21 17.39 17.31
s 19.94 19.02 17.84 17.00 17.83 18.04
6 17.54 17.72 16.76 16.43 16.97 18.16
7 17.07 17.34 17.25 17.48 17.76 19.24
8 19.43 19.78 17.38
9

17.39
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Table 1ll. (Continued)

Depth, Date 1958

feet April May June July August September
0 22.53 20.69 20.40 16.33 15.21 17.42
1 22,74 21.92 22.24 22.56 20.91 22.00
2 18.10 17.63 18.24 20.00 18.60 20.42
3 18,00 16.97 17.89 16.82 16.28 17.82
L 17.61 16.90 17.32 18.31 17.14 15.00
5 17.46 16.75 18.03 18.50 17.07 15.89
6 18.12 17.42 17.4h 18.2h 19.29 16.83
7 18.04 17.86 20.32
8 17.87 19.16 17.75
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Table 12. Moisture content versus depth, test plot L

iﬁgzh’ OctigzzA November bgggember January lgggruary March
o 17,01 18,61 20,28 19.93 18.11 18.78
1 18.41 17.96 17.92 17.00 16.93 18.96
2 16.60 17.28 16.45 16.16 16.80 17.57
3 17.31 15.55 17.69 17.78 17.87 17.66
1 18.62 18.35 19.63 20.2l 19.56 20.50
5 18.79 18.62 15.04 19.16 18.82 20.32
6 19.54 18.75 19.31 21.06 20.52 19.64
7 20.79 20.05

April May Jun91958 July August September

0 18.65 17.79 18.32 17.49 15.05 15.71
1 17.95 17.18 19.20 18.23 18.18 16.75
2 16.74 15.02 17.39 17.81 17.68 17.83
3 19.78 17.97 17.55 16.88 16.87 17.49
1 20.64 20.22 19.32 18.93 19.13 18.32
5 20.02 18.82 19.16 20.88 19.73 19.0L
6 20.01 17.65 18.17 20.75 23.25
7 20.03 9.47 19.37
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Table 13. Moisture content versus depth, test plot 5

Depth, 1957 “Date 1958

feot October November December Jannary February March
0 21.11 2l . Ol 22.47 22.93 22.15 2l .34
1 22.59 22.85 = 24.10 22.40 23.47 23.18
2 21.50 20.86 23.87 20.29 23.52 19.00
3 18,78 18.63 23.06 16.41 20.04 15.05
L 23.39 20.93 19.93 16.24 11.89 11.58
5 19.47 21.27 20.47 17.90 11.58 26.50
6 18.34 18.93 18.34 WUy bl 10.93 29.73
7 21.28 .17 18.13 1h.70 12.68 2.3
8 15.05 16.3h 19.63 18.10 25,08
9 18.16 18 . 4L

o]
o

21.30



228

Table 13. (Continued)

Depth, Date 1958

feot April May June July August September
o 2l4.03 21,87 20.91 21.60 20.41 21.51
1 24.34 23.43 22.36 20.71 21.05 23.48
2 21.86 22,47 21.14 19.02 19.57 19.64
3 18.89 19.80 17.24 17.86 18.07 18.56
L 13.16 12,36 12.16 21.14 20.34 18.22
5 1.6l 9.53 12.77 18.65 17.96 13.25
6 17.82 l;.96 17.00 17.70 17.66 .71
7 16.13 10.72 18.78 8.1 17.50 15.84
8 15.96 16.00 19.97 16.24
9 22.00 18.88 2l .67




Table 1lij. Moisture content versus depth, test plot 6

229

?:gzh’ Octégzz November DEQZGMber Jannar%sggebruary March
0 21.10 25.45 25.31 34.12 26.94 28.20
1 21.60 20.0L 22.40 22.75 22.86 22.76
2 20.42 2l.86 22.18 20.22 19.87 20.77
3 21.50 22.29 22.02 20.61 20,00 21.00
b 19.09 20.16 19.62 19.13 18.70 20,09
5 18.8 19.32 15.25 17.48 18.83 18.67
6 18.63 19.85 18.74 18.86 18.47 16.52
7 18.5. 20.25 18.25
8 18.54

1958
April May Juns July August September
0 21.66 23.20 21.61 20.92 15.71 20,66
1l 22.59 21l.22 20.38 22.8L 17.31 20.90
2 20.63 18.72 18.10 21.56 16.81 19.49
3 21.18 18.46 17.87 21,07 19.73 19.65
L 19,39 18.82 18.0k4 18.08 19.20 18.46
5 19.00 18.29 18.31 19.23 18.55
6 18.34 18.07 17.88 17.75 17.85
7 18.60 18,07 17.79
8 18.38

18.3Y4
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