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INTRODUCTION

The phenomenon of water being "retained” by a soil against
various external forces is one of the primary functions c¢f
soil which is responsible for sustaining life. The amount of
water retained by scil, or soil moisture retention, is di-
rectly dependent upon the particular soil under studv.

Soil by itself refers to the weathered and fragmented
outer layer of the earth's crust existing in a heterogenous,
polyphasic, particulate, dispersed and porous system. The
three phases of soil are: the soil phase, consisting of seil
particles; the liguid phase, consisting of soil water which
contains dissolved substances; and the gaseous phase, consist-
ing of soil air.

Thus, soil can be seen as an exceedingly complex system.
Its solid matrix consists of particles differing in chemical
and mineralogical composition, as well aé in size, shape, and
orientation. The arrangement or organization of these parti-
cles determines the characteristics of the pore spaces in
which water and air are transmitted or retained.

This retained water or soil water contains energy in dif-
ferent quantities and forms. The two principal forms, kinetic
and potential, are the basis for the methodology of scil water
retention measurement. Since the movement of water is guite
slow, kinetic energy is considered to be negligible. Poten-
tial energy, however, is important in determining the state

and movement of the retained water in soils.



In observing the facts relating to the equilibrium of soil
water, it i1s found that 1f an external body of water is placed
in contact with soil in some way, an exchange will take place
in one direction or the other according to the forces imposed
on the external water. It alsc follows that this external
focrce may be adjusted until the flow ceases. The external
water is then in equilibrium with the soil water, and the
measure of the force on the external water is said to be equal
to the soil water potential. The problem of measuring scil
moisture retention is essentially the problem of maintaining
an external force in contact with the soil water until static
equilibrium is reached,.

The actual determination of the amount of soil water pres-
ent or retained under a given set of circumstances contains
two main problems. The first is that of devising a method
or methods of measuring the external force applied to the
soil water and obtaining the relationship between this and the
actual socil water content. The second is the interpretation
of the resultant curves.

This report is concerned only with the measurement of the
amount of soil moisture retained using a pressure plate appara-
tus. The purpose of the report is to outline a method of
determining scil moisture retention using the equipment as
supplied by the Soilmoisture Egquipment Corporation, Santa

Barbara, California#*.

*Soilmeisture Zguipment Corporation, P.O. Box 30025, Santa
Barhara, Caiifornia 93105



This report can be divided into two main sections: proce-
dures to determine the =20il moisture retention, and a brief
discussion concerning the moisture retention characteristics
of soils.

The first main section gives the procedures for determin-
ing soil moisture retention values for a specific pressure
setting for pressure ranges of 0 to 2 atmospheres and 1 to
15 atmospheres (Scil moisture retention curves may be developed
using a range of specific pressure settings for the particular
pressure range the apparatus will handle).

The second maln section contains a brief discussicn con-
cerning moisture retention. The three areas discussed within
this section are the different categories of soil water, soil
water potentials, and the determination of the soil water

moisture.



MATERIALS AND METHODS

Two methods of determining soil moisture retention are
given in this section: one for pressure ranges of 0 to 2 at-
mospheres and the other for pressure ranges of 1 to 15 atmos-
pheres. These methods were to allow the use of the egquipment
as supplied by the Soilmoisture Equipment Corporation, Santa
Barbara, California. The methods were compiled using several
existing methods adopted to give the best accuracy using the

existing equipment (2, 3, 28, 41, 42, 44).

A, TWO (2) BAR PLATE EXTRACTOR

I. SCOPE

This method covers the determination of moisture retention
properties of soils as determined by the pressure membrane
apparatus using tension between 0 and 2 atmospheres.
II. APPARATUS (See Figure 1)

1. Pressure Source - high pressure compressor.

2. Pressure Manifcld - consists of air filter, pressure
regulator, valves and a 0 - 60 psi test gauge.

3. Pressure Membrane Cells - 2 bar ceramic pressure plate
cells as supplied by Soilmoisture Egquipment Corporation.

4. Spatula - or similar device for removing samples from
pressure cell,.

5. Balance - with the capacity of at least 200 g and

sensitive to 0.01lg.
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6. Moisture Sample Containers - made of material resistant
to corrosion, and not subject to change in weight or disinte-
gration with repeated heating and cooling. Containers must
have close-fitting lids to prevent loss of moisture from sam-
ples before initial weighing and to prevent abscrption of
moisture from the atmosphere between drying and final weigh-
ing. ©One container is needed for each moisture content deter-
mination.

7. Drying Cven - thermostatically controlled, capable
of maintaining a temperature of 105°¢.

8. Desiccator - of suitable size to hold samples for cool-
ing after removal from the drying oven.

ITI. SAMPLES

Take an undisturked core sample at least 3 in (76.2 mm)
in diameter and 3 in (76.2 mm) in height. Core is to be in-
serted undisturbed in a 3 in (76.2 mm) I.D. schedule 20 plastic
pipe or similar material, resistant to corrosion, and not sub-
ject to change in weight or disintegration with repeated
heating and cooling.

IV. PROCEDURE

1. Place sample on base plate of pressure cell. Place
cell wall on base plate. Draw cell wall and base together
using a retaining bar and two bolts.

2. Thoroughly saturate the sample by gradually adding
distilled water to the open cell increasing the depth of water
slowly until the water just covers the top of core. Maintain

this water Zepth for at least 24 hours.



3. Remove excess water from the pressure cell with a
pipet or rubber syringe. Remove retaining bar and replace it
with the cell cover. Tighten bolts snuggly.

4, Connect the outflow tube from the pressure cell to
the tip of a burette with a piece of small diameter tubing.

5. Close all valves. Turn on the air compressor.

6. For extractions 1 to 30 pei, open valve "D" and the
valve for each pressure cell being run. Open the pressure
regulator slowly admitting pressure to the pressure cell and
set at the desired extraction pressure as read cn the test
gauge.

7. Remove the sample any time after the ocutflow burettes
indicate flow has stopped and equilibrium has been attained.

B. Close off (pinch off) or remove the outflow tube as-
semblies. Close the pressure regulator slowly allowing the
pressure in the pressure cells to come into eguilibrium with
the existing atmospheric pressure.

9. Remove the cell top and wall. Remove sample with a
spatula, transferring the sample immediately to sample con-
tainer and weigh on a balance. Record this weight of wet
sample, retaining column and container.

10. Dry the sample, still in the retaining column and con-
tainer, to a constant weight in an oven at 105°C. Desiccate
sample until cool. Weigh and record the weight of the oven-

dried sample, retaining column and container.



11. Remove the sample. Weigh and record the weight of
the retaining column and container.
V. CALCULATIONS

l. Calculate the moisture content of the seil as follows:

w S Ly o * By o IR, o = B0 % 100
W d d
w = (WW/WS) x 100
where
W = moisture content, percent by weight,
WS - = weight of wet sample (from pressure cell},
w
retainer column, and container, g.
W g weight of dry sample (after drying), re-
d
tainer column, and containers, gd.
i = weight of retainer column and containers, g.
Ww = welght of water (Wswcr - Wsdcr)’ O
L = weight of dry sample (after drying),
(WSdcr - Wo.). 9.

B, FIFTEEN (15) BAR CERAMIC PLATE EXTRACTOR

I. SCOPE

This method covers the determination of moisture reten-
tion properties of soils as determined by the pressure mem-
brane apparatus using tensions between 1 and 15 atmospheres.
II. APPARATUS {See Figure 1)

1. Pressure Source - high pressure compressor.

2. Pressure Manifold - consists of air filter, two pres-

sure regulators, valves and a 0 - 300 psi test gauge.



3. Pressure Membrane Chamber - 15 bar ceramic plate ex-
tractor as supplied by the Scilmoisture Equipment Corporation.

4, Ceramic Pressure Plate - as supplied by the Scoilmois-
ture Equipment Corporation.

5. Sample Retainer Rings - flexible rubber rings capable
of holding approximately 25g of disturbed sample.

6. Saturation Trays - waterproof trayslarge enough and
deep enough to hold the circular ceramic pressure plate with
samples while being saturated.

7. Spatula - or similar device for removing samples from
ceramic pressure plate,

8. Balance - with the capacity of at least 200g and the
sensitive to 0.01lg.

9. Moisture Sample Containers - of 60 to 90 ml capacity,
made of material resistant to corrosion, and not subject to
change in weight or disintegration on repeated heating and
coocling. Containers must have close-fitting lids to prevent
loss of moisture from samples before initial weighing and to
prevent absorption of moisture from the atmosphere following
drying and before final weighing. One container is needed
for each moisture content determination.

10. Desiccater - of suitable size to hold samples and
moisture sample containers for cooling after removal from
drying oven.

11. Drying Oven - thermostatically controlled, capable of

maintaining a temperature of 165°¢.
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ITI. SAMPLES

Take a sample weighing approximately 25 g from the thor-
oughly mixed portion of air-dried soil that has been passed
through a No. 10 (2 mm) sieve. Pour the sample into a re-
tainer ring, leveling the surface.

IV. TPROCEDURE

1. Place duplicate samples on the ceramic plate. Record
the sample numbers.

2. Thoroughly saturate the sample by placing the ceramic
plate containing the sample into the saturation tray. Gradu-
ally add distilled water to.the‘saturation tray increasing
the depth of water over a minimum period of four hours until
the water is at the top edge of the sample. Maintain this
water depth for at least 24 hours.

3. Remove the excess water from the saturation tray with
a pipet or rubber syringe.

4. PRemove the céramic pressure plate from the saturation
tray, mount it into the plate extractor and connect the out-
flow tubes. Be sure the triangular support is in the bottom
of the vessel. If more than one pressure plate is used, use
the_plastic spacers to separate the pressure plates. Care-
fully center the chamber top with the O-ring gasket in place
and screw down the clamping belts.

NOTE: Secure the two bolts, one on each side cf the lid
hinge first, then secure the bolts next to bolts just secured.
Go back to ensure the Ifirst bolts are tight, then check the

second bolts. Proceed to the third set of bolts and so forth,
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working towards the front of the extractor until all bolts
are secure. When opening the extractor, this procedure is
reversed.

5. Connect the outflow tube from the extractor to the
tip of a burette with a piece of small diameter tubing.

6. Close all valves. Turn on the air compressor.

7. Set the pressure regulators, admitting pressure to
the extraction chamber:

a. For low extraction pressures in the range of 0 to
125 psi, valve "A" is closed and valve "B" is opened. The
air flow is through the high pressure regulator tc the low
pressure regulator. The low pressure regulator is fully
opened and the high pressure regulator is set so that the test
gauge reads about 5 psi higher than the desired extraction
pressure. The low pressure regulator is closed. Valve "C"
is opened. The low pressure regulator 1is again opened slowly,
admitting pressure to the extractor and set at the desired
extraction pressure as read on the test gauge.
b. For high extraction pressures in the range of

125 psi to 225 psi, valve "A" is open and valve "B" is closed.
The high pressure regulator is closed. Valve "C" is opened.
The high pressure requlator is opened slowly, admitting pres-
sure to the extractor and set at the desired extraction pres-
sure as read on the test gauge.

8. Remove the sample anytime after the cutflow burettes
indicate flow has stopped and equilibrium attained.

9. Close off (pinch off) or remove the outflow tube as-

semblies. Close the pressure regulator slowly, allowing the
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pressure in the extraction chamber to come into equilibrium

with the existing atmospheric pressure. (For low pressure

extractions, close the low pressure regulator. For high pres-

sure extractions, close the high pressure regulator.)

10. Remove the ceramic pressure plate. Using a spatula,
transfer the samples immediately to sample containers and
weigh on a balance. Record this weight of wet sample, re-~
tainer ring, and contéiner.

11. Dry the sample still in the retaining ring and con-
tainer to constant weight in an oven at 105°C. Desiccate
sample until cocl. Weigh and record the weight of the oven-
dried sample, retainer ring, and container.

12, Weigh and record the weight of the container and re-
tainer ring.

V. CALCULATIONS

1. Calculate the moisture content of the soil as follows:

w = [(Ws cr Ws cr]/(ws cr Wcr)J x 100
W d d
w = (WW/WS} x 100
where:
W = moisture content, percent by weight,
Ws g weight of wet sample (from extractor),
w

containers, and retainer ring, g.
W = weight of dry sample (after drying), con-

tainer and retainer ring, g.



"

weight of container and retainer ring, 4.

weight of water (Wswcr - Wsdcr)’ =

weight of dry sample (after drying),

(Wsdcr - Wopls 9
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DISCUSSICHN

The Materials and Methods section described two methods
for determining soil moisture retention. One is for the pres-
sure range of 1 to 2 atmospheres and the other for the pres-
gsure range of 1 to 15 atmospheres. The principle (41) behind
the methods is that as the pressure is raised above atmospheric,
forcing excess water from the soil through the microscopic
pores in the ceramic pressure plate. This high pressure air
will not flow through the pressure plate pore since they are
filled with water and the surface tension of the gas-liguid
interface at each of the pores will support the pressure. At
any given air pressure in the pressure cell or extractor, soil
moisture will flow around each of the soll particles and out
through the ceramic plate until the effective curvature of
the water films throuchout the soil are the same as at the
pores in the ceramic plate. At this time, an equilibrium is
reached and the flow of moisture ceases.

There is a problem with these methods of determination.

To show this, a brief discussion of the moisture retention
properties is given followed by experimental results as deter-

mined by several researchers.

A. CATEGORIES OF SOIL WATER

The liquid phase of so0il -- soil water, or more precisely

soil solution =-- maintains a state of complex physical inter-

relationships with the solid and gaseous phases of the soil.
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The degree of availability of soil water and the form of its
movement in the soil are determined by these interrelation-
ships., Water existing in soil in one of the three phases,
solid, ligquid, and gaseous, may be classified into the fol-
lowing categories {45) according to its relationship with
soil: structural water, vapor-form water, absorbed water

and free water. This classification has no regard to the
three phases of water, but is concerned with the relationship
of water retained by the soil.

1. Structural water may be looked at as water that is
chemically combined in the crystalline structure of the soil,
which can be removed only by breaking the structure.

2, Vapor-form water (water vapor) is water that moves
by diffusion in the soil pores not filled with liquid water
and is under the influence of air movement.

3. Absorbed water is water that is chiefly under the
influence of differential forces of attraction or repulsion
occurring among melecules of different phases of contact at
their contact surfaces.

4, Free (liquid) water is water that moves and is re-
tained in the soil chiefly under the influence of gravitational
and matrix (capillary) forces, depending upon the guantity of
water in the soil pores.

To more accurately evaluate the methods given in Materials
and Methods, it is necessary to lock at these categories of
soil water in greater detail. Structural water, however, will

be deleted because it 1s chemically combined in the crvstalline
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structure of the soil itself ané is regarcded as an integral
part of the soil particle.

Water in the vapor state is present in all soil pores that
are free of liquid water. It forms readily through the evagora-
tion of all other forms of soilil water (except structural) and
moves by diffusion from high water vapor pressure to lower
vapor pressure (45).

Absorked water (15) results from the differential forces
of attraction or repulsion occurring among molecules of dif-
ferent phases at their contact surfaces. As a result of these
cohesive and adhesive forces, the contact zone may exhibit a
concentration or a material density different from that in-
side the phases themselves. According to the different phases
which may come into contact, various types of absorption can
occur, such as the absorption of gases upon solids, of gases
upon liguid surfaces, and of ligquids upon solids.

The interfacial forces of attracticon of repulsion may
themselves be of different types (15, 45), including electro-
static or ionic (Coulecmb) forces, intermolecular forces known
as van der Waals' and London forces, and short range repul-
sive (Born) forces. The absorption of water onto solid sur-
faces is generally of an electrostatic nature.

The amount of moisture which a soil can absorb from the
air depends first on the relative humidity of the air and
second on the properties of ithe soil sample (3C). Initially,
as the relative humidity increases from zerc to approximately

10 percent, the amount of moisture absorbed by the soil
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increases rapidly. From 10 percent to 80 percent, the amount
of moisture absorbed by the scil increases relatively slowly.
Finally, when the relative humidity increases from 80 percent
approaching 100 percent, the amount of moisture absorbed by
the soil begins to increase rapidly. This is shown in Figure
2,

The properties of a s0il also affect the amount of mois-
ture which a soil can absorb from the air. The most funda-
mental influencing property is the scil's mechanical composi-
tion, smaller the soil's particle sizes are, higher the hy-
groscopicity. (Eygroscopicity is defined as readily absorb-
ing moisture, as from the atmosphere.) This influence of the
size of soil particles upon the absorption of moisture in the
vapor phase at different relative humidities is shown in
Figure 3. The curves show that at ihz same relative humidity
the finer gradations absorb more moisture than courser grada-
tions.

Hygroscopicity of a soil is mainly dependent upon the
soil's clay content (12, 15, 19, 23, 32). This is due to the
small particle size and its charge. Also, as the humus con-
tent increases (43) and the presence of certain salts (30,
43), especially calcium chloride and magnesium chloride, con-
siderably increase the hygroscopicity of a soil.

When a completely dry soil comes into contact with moist
air, the free force fields associated with the surface layer
of the soll particles come into action. The dipolar water

molecules are attracted by the free bonds, thus becoming



Figure 2.

Figure 3.
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attached to the surface of the soil particles. The binding
forces that emerce from the surface of the soil particles

act only at very short distances. Thus, only a limited
number of water molecules can be directly attached forming

a shell two or three molecules thick around each particle.
This shell can be formed even at a very low relative humidity
(only a few percent). Therefore, these free bonding forces
become saturated very quickly.

The interaction of the charges of the solid with the polar
water molecules may impart to the absorbed water a distinct
and rigid structure in which the water dipoles assume an
crientation dictated by the charge sites on the solids. After
a water molecule has been absorbed by a scil particle, the
remaining charge pole serves as a point of attachment for
additional dipolar water molecules, eventually forming a hy-
dration shell around a cation as shown in Figure 4, In this
fashion, a multi-layered shell of water molecules is formed
with its thickness increasing as the relative humidity in-
creases. The number of molecular layers may reach several
tens.

As was stated before, the growth of the shell of hygro-
scopic water is strictly parallel to the increase of the
relative humidity. However, as the humidity approachesz con-
ditions of saturation, the process of water vapor absorption
becomes complicated by capillary condensation. Here vapor
pressure depends not only on temperature but also on the

shape of the water surface.
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Figure 4. Structure of the hydrate shell formed
around a free metal cation [From Rode (30)].

Figure 5. Formation of a convex-concave meniscus at
the point ¢f contact of two soil particles,
resulting from the coalescences of the
envelopes of adsorbed water [From Rode (30) ].
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Capillary condensation occurs when the hygroscopic shells
of two soil particles coalesce, forming a water collar having
a negative curvature. When soil is exposed to water vapor
saturated with respect to a flat surface, water vapor will
distill onto the concave surfaces of the water collar (Figure
5). As a result of this process, the amount of hygroscopi-
cally absorbed moisture will increase. The superimposition
of this phenomenon offers an explanation to the upward bend
of the right part of the moisture absorption curves which
are shown in Figures 2 and 3.

One aspect that has not been menticoned is the fact that
when liguid water is being bound, a certain amount of heat
will be liberated (45). When the water molecules are bound
by the soil, they pass into a state where they are immobile
and must give up their kinetic energy, which is liberated as
the heat of adsorption. Simultaneously, the surface energy
associated with the soil particles decreases. The water
whose binding liberates heat is known as firmly bound water
(30).

Bound water is dependent upon the concentration of a solu-
tion. Using a sugar sclution, Figure 6 shows this dependence.
It can be seen that at small concentrations of the sugar
solution, the soil binds a considerable amount of water. How-
ever, as the concentration of the solution increases, the
amount of bound water decreases, rapidly at first then very
slowly afterwards.

It follows from this, that water bound by soil falls into

two categories. First, the firmly bound water which cannot
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be detached from the soil particles even by a solution of very
high concentration, and second, the water that can easily be
detached by solutions of low concentrations, apparently held
by weaker forces. The second category of water is termed
loosely bound water (30).

Movement of the tightly bound (and probably a small per-
centage of the lcosely bound) moisture in the soil is only
possible in the vapor state (30). If a certain soil layer
has a higher moisture content than that of a neighboring layer,
and if the moisture of both layers does not exceed the maximum
hygroscopicity, the absolute pressure of the vapor (the con-
centration of water molecules in the soil air) in the first
layer will be higher than that of the second. Consequently,
the water vapor will diffuse from the first layer into the
second, continuing as long as there is a gradient in the mois-
ture content which maintains a gradient in the water wvapor
pressure.

The loosely bound moisture may alsoc move in the soil in
liguid form (30). As meoisture forms a film around the soil
particles, the inner layers are retained more strongly than
the outer ones. In Figure 7, it is assumed that for two
eqgui-sized soil particles the film of loosely bound water
on particle B is slightly thinner than on particle A. The
water melecule C is located closer to the center of soil
particle B than to the center of particle A. Therefore,

molecule C will start moving towards particle B. This process
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Figure 6. Influence of solution concentration cn the
amount of water bound by scil [From Rode (30} .

Ffigure 7. The movement of film moisture from one
particle to the other [From Rode (30)].
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will continue until the thicknesses of the water membranes
become egual. Rode (30) pointed out that the essential item
in this process is the fact that bound moisture does not move
as a mass but from particle to particle and that bound meis-
ture does not transmit hydraulic pressure.

The water in the soil not under the influence of absorp-
tion is called free water. The behavior of free water is
determined almost exclusively by a combination of capillary
and gravitation forces.

Capillary water is the free (non-bound) water which moves
in the fine pores of the soil by means of the capillary
(meniscal) forces caused by surface tension and moisture (45).

Gravitational water, in contrast to capillary water, is
water that freely percolates downwards through the soil under
the influence of the force of gravity.

Depending upon the amount of free water and on the fil-
tration properties of the soil, water may fill all or part
of the so0il pores. If the pores are not totally filled,
trapped air may remain in the form of separate isolated
bubbles.

A situation that has not been discussed is that of sus-
pended moisture (30). Basically, suspended moisture is water
not hydraulically connected. However, the mechanism of re-
tention differs depending on the mechanical and aggregate
structure of the so0il and its composition. There are four
cases to ke reviewed.

The first case is when the so0il is uniform in its
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mechanical composition (nct stratified). (Sandy soils as
well as soils having a coarser mechanical composition may
usually be loocked upon as structureless.) The suspended
water 1s retained as bound moisture in the form of biconcave
lenses forming at the point of contact between soil particles.
The moisture is retained because the water lacks hydraulic
connection. This does not rule out the existence of a film
of bound water. The centact accumulations are retained by
capillary forces. If the areas of moisture were in contact
with one another, all the moisture would easily flow down-
wards. The situation is shown in Figure 8.

A second case of suspended moisture is ‘that retained in
soil of a heavy clayey mechanical composition. In this case,
the voids in the soil pores are so small they are entirely
filled by bound water. All the suspended water is completely
or almost completely bound water and is retained entirely
by absorption forces. Figure 9 represents this case.

The third case exists in soils of loamy mechanical com-
position having a well developed micro-structure. In such
soils, the internal spaces in the regions of enlarged pores
are so large that they cannot be completely filled by the
suspended water. However, the narrow passages between the
pores are entirely filled by suspended water. Inside the
peres, a micro-accumulation of free meisture forms and is
surrounded on all sides by films of hound water. Ewven though
part of the water is free, the suspended water as a whole

is ratained. Figure 10 represents this case.



Figure 8. Jointed moisture in a soil with a sandy
mechanical composition [From Rode {30)].

Figure 9. Suspended moisture in soils and grounds
of a heavy mechanical composition
[From Rode (3G)].
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Figure 10. Suspended moisture in soils and grounds

of medium mechanical composition.

(1) Soil particles or micro-aggregates;

(2) Membranes of bound water on the
surface of the particles;

(3) Micro-accumulations of absorbed
closed free moisture;

(4) Empty pores [From Rode (30)].

Figure 1l1l. Soil aggregate with a capillarily sus-
pended moisture inside the aggregates.
(1) Memisci terminating the filaments
of the suspended capillary moisture;
(2) Pores filled with air:
(3) Filaments of capillarily suspended
moisture {From Rode (30)].
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The fourth case is characteristic of soils with a well~
expressed lumpy structure. The space between the structural
lumps (the pores between the aggregates) are so large that
water is not retained in them, but percolates downwards.

If water is retained, it is retained only in small amocunts

in the form of contact accumulations at the points of con-
tact between the aggregates. The aggregates themselves are
usually traversed by thin capillaries.l The water penetra-
ting into these capillaries takes the form of winding branch-
ing filaments, each terminating with a concave meniscus. It
i1s noted that the area of the contact surface between aggre-
gates is very small and consequently, the capillary systems
of the different aggregates are almeost isolated. Figure 11

schematically depicts this case.
B. SOIL WATER POTENTIALS

The problem is to determine the amount of water retained
by the soil under a given condition. When pore pressure in
the liquid phase is positive (e.g., in soil below a water
table), any gaseous phase present in thie soll can exist only
as trapped gas at a pressure higher than the ambient air
pressure on the soil. This gas will tend to diffuse out of
the system allowing the soil to reach a fully saturated con-
dition where all (or nearly all) the pore spaces are completely
filled with water. At the opposite end, when the pore pres-

sure becomes negative, the air-water interface tends to become
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concave and recedes into soil pores where large pores may
empty and air bubbles may not only form, but alsc grow in
size.

The problem of understanding the mechanisms where pore
water pressures become negative is currently being treated
thermodynamically (22). When an unsaturated soil comes in
contact with a pool of free water, it absorbs water; the soil
exerts a suction (Figure 12). Soil suction can be determined
by the more flexible thermodynamic variable of potential, or
in this particular case, soil water potential. According
to the definition guoted by the Internaticnal Society of
Soil Science (22):

"Soil water potential (Y) is the work done per unit

guantity of pure water in order to transport rever-

sibly and isothermally an infinitesimal quantity of

water from a pool of pure water at a specified ele-

vation and at atmospheric pressure to the soil water

(at the point under consideration).™

As shown in Figure 12, the pool of pure water has its po- .
tential lowered from that of the scil water. The concept
of an equivalent soil suction which would produce the same
lowering of the soil water potential as occurs in the soil
now has a thermodynamic definition.

While the mechanisms of soil water retention, as seen
earlier, do not form useful components of the soil water
potential, it is convenient to subdivide soil water potential

into components on the basis of the forces responsible for
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[From Lee (22)].
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the energy differences between the water in question and that
of the reference state. As stated before, these components
are not necessarily related to the actual mechanisms.

1. Martrix potential (wm). This results from the inter-
action of water with the adsorptive force fields emanating
from solid surfaces. The equivalent soil suction component
in the matrix suction (hm).

2. Osmotic or solute potential (wo). This results frem
the interaction of water with force fields emanating from
dissolved substances. The equivalent soil suction component
is the solute suction (h.).

3. Pressure potential (wp). This results from the dif-
ference in energy of the water caused by an external pressure
other than that applied to the reference water.

4, (Gravitational potential (wz). This results from the
potential energy water has due to its position in the gravi-
tational field relative to that of the reference water.

There is no equivalent gravitational soil suction component.

Potentials may be expressed physically in at least three
ways: energy per unit mass, energy per unit volume, or enerqy
per unit weight (hydraulic head). The common practice (15)
is to characterize the state of soil water in terms of the
"total potential head" expressed as a hydraulic head.

In attempting to express the negative pressure potential
of soil water in terms of an eguivalent hydraulic head, this
head mavy be as much as 10,000 or even 100,000 cm of water.

To aveid this, the "pF" scale, which is defined as the common
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logarithm of the negative pressure (tension or suction) head
in centimeters of water, 1s used. A pF of 1 is a tension
head of 10 cm of water. A pF of 3 is a tension head of 1000

cem of water, etc.

C., DETERMINATION OF SQIL MOISTURE~-SOIL WATER POTENTIAL

RELATICNSHIPS

In a saturated soil at eguilibrium with free water at
the same elevation, the actual pressure 1s atmospheric and
hence, the hydrostatic pressure and the suction (or tension)
are zero. If a slight suction, i.e., a water pressure slightly
below atmospheric, is applied to water in a saturated soil,
no outflow may occur until (as suction is increased) a cer-
tain critical value is exceeded at which the largest pore
of entry begins to empty. As suction is further increased,
more water is drawn out of the soil and more of the relatively
large pores, which cannot retain water acainst the suction
applied, will empty out. This will continue with progres-
sively smaller pores until at high suction values, only the
very narrow pores retain water. Similarly, an increase in
soil water suction is associated with a decreasing thickness
of the hydration envelopes covering the soil particle sur-
face.

Because it is commonly arranged that air in contact with
the soil is at atmospheric pressure and the water is at less

than atmospheric pressure, the term soil water suction is
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used. However, it is a2 simple matter to seal the soil in a
chamber and to raise the air pressure within, leaving the
soil water to drain through the porous platform and to escape
freely at atmospheric pressure. As defined by Childs (10),
soll water will be in equilibrium with a moisture content
appropriate to the pressure difference between it and the
alr external to it, whether the external air is at atmos-
. pheric pressure and the water under suction, or whether the
water is at atmospheric pressure and the external air pres-
sure is artifically raised above atmeospheric pressure.

This latter arrangement has been called the pressure
plate apparatus (10, 35) or pressure-membrane apparatus (34).
The main advantage is that its use may be readily extended
to soil water suctions much in excess of one atmosphere,
because the water drains freely at atmospheric pressure and
does not require the maintenance of contact between the under-
side of the porous platform and a handing column of water
under tension.

The common belief (15) is that soil moisture retention
in the low-suction range (0 - 1 bar) is strongly influenced
by soil structure and pore size distribution. Hence, measure-
ments made with disturbed samples (e.g., dried, screened and
artificially packed samples) cannot be expected to represent
field conditions. The use of undisturbed soil cores is there~
fore necessary. Soil moisture retention in the high suction
range is due primarily to adsorption and thus is correlated

with its structure (15).
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According to Richards (34), the amount of moisture retained
in soil which has come to eguilibrium with the membrane in
the pressure-membrane apparatus depends on the gas pressure
in the chamber. The higher the pressure, the more moisture
is removed. He continues by stating that replicate determi-
nations will agree within 0.1 percent of moisture if the sub-
sampling process does not introduce differences in mechanical
composition between replicates.

When Richards and Fireman (35) compared the data obtained
with the pressure plate apparatus against data obtained with
the suction-plate apparatus, they determined that for a pres-
sure of one-third atmosphere the values were in agreement
with each other. They also said that various writers have
also shown this. For moisture retention determinations such
as moisture equivalent and wilting percentage made on an
air-dried screened sample, the results closely relate to the
behavior of the soil in the field. They also claimed that
despite the many objections to air-drying and screening, this
treatment does reduce the sample to a standard reproducible
state that can be attained economically when large number of
samples are handled. Table 1 lists Richards and Fireman's
moisture retention data obtained on six replicate samples of
ailr dried and screened soil. They show agreement is obtain-
able when subsamples are carefully taken.

Richards and Fireman continue by showing curves compar-
ing moisture retention values obtained on disturbed and un-

disturbed samples of Fallbrock loam (Figure 13). The two



Table 1. Comparison of one-third atmosphere percentage
values obtained with pressure-plate and
suction-plate apparatus [From Richards and
Fireman (35} ].

Soil Sample Number Pressure-Plate Sucticon~Plate

Data Data

Al 9.16 9.16

A2 9.10 9..02

A3 9. 10 91l
Average for A L | - 9.10
Bl 40.49 40.70

B2 41.57 40.58

B3 40,32 41.46

Average for B 40.79 40.91
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left-hand curves in this figure indicate that neither air nor
oven drying of the cores significantly changed the moisture
retention as compared with unaltered wet cores., Thus, drying
alone did not appreciably change the pore-space relations con-
cerned with moisture retention. These four curves at the
right show the effect of other treatments as follows: wet
cores broken up by hand, dried soil broken by hand, dried
cores broken up and sieved, and dried scil sieved.

As can be seen from Richards and Fireman's curves, any
manipulation of the soil in either the wet or the dry state,
such as breaking up the cores or sieving the soil, signifi-
cantly increased the moisture retention throughout the
l-atmosphere tension range. The wet cores that were lightly
broken up by hand, and therefore were the leést disturbed,
were intermediate between the undisturbed cores and the
sieved cores in the lower tension range. In the higher ten-
sion range they all held approximately the same amount of
water.

In a study conducted by Salter and Haworth (36) to deter-
mine the upper limit of available water, they concluded that
in determining field capacity the suction plate method using
undisturbed cores of soils gave satisfactoery results where
only a rough estimate of soill moisture content was required.
For more critical work, the use c¢f the direct sampling method
was essential. (The direct method was determining the mois-
ture content of a sample by drying to constant weight at

105°¢C.
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Another study,on the upper limit of available water, con-
ducted this time by Salter and Williams (37) found that all
the one-third atmosphere percentages using the pressure mem-
brane apparatus were lower by approximately five percent on
the absolute scale and, in the majority of instances, signi-
ficantly lower than the corresponding moisture contents at
the corresponding moisture contents at field capacity deter-
mined by the direct method as described by Salter and Haworth
(36).

Salter and Williams also conducted some experiments on
the lower limit of available water (15 atmosphere range).
Their results were guite different from Richards and Fireman
(35). They uséd the following technigues to determine the
lower limit of available water:

1. For the permanent wilting percentace of undisturbed
soil, the sunflower method presented by Salter and Haworth
(36) was used. (The permanent wilting point or percentage
of a soil is defined as the water content of a soil at which
plants will wilt and do not recover turgidity when placed in
a humid atmosphere over night.)

2. For the permanent wilting percentage of disturbed
soil, the sunflower method was used again but this time with
a disturbed soil.

3. For the 1l5-atmosphere percentage of undisturbed soil,
cores of soll were equilibriated at a pressure of 15 atmos-
pheres in a pressure-membrane apparatus and the moisture con-

tents determined.
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4. For the l5-~atmosphere percentage of disturbed soil,
50 gram soil samples were air-dried, passed through a 2 mm
sieve, subjected to a pressure of l5-atmospheres in a pressure-
membrane_apparatus, and the moisture contents determined.

Their results can be summarized as follows:

1. In approximately 30 percent of the comparisons, the
permanent wilting percentage determined on a disturbed sample
of soil differed significantly from that on an undisturbed
sample. Significant differences occurred more freguently
with the medium- to fine-textured soils than with the coarser-
textured soils.

2. In about 75 percent of the comparisons, the summer
values were higher than the spring values. With the fine-
textures soil, half the number of samples taken in the summer
had a significantly higher permanent wilting percentage than
those in the spring.

3. In general, there was good agreement between the per-
manent wilting percentage and the l5-atmosphere undisturbed
soil samples. The largest differences were found with the
medium-textured soils.

4, The l15-atmosphere percentages determined by the two
methods differed significantly in 50 percent of the cases.
Differences were greatest with the fine-textured soil, but
significant differences also occurred with the medium~ and
moderately coarse-textured scils.

The results are shown graphically in Figure 14. The

line drawn at a 45° angle indicates the position where



C.

PYW P -disturbed soil

0P Key to texture of sol
o Fine
a Mzgerately fine
¢ Medium
v Modgerateiy coarse
* Coarse

10

PYWP-undisturbed sail

P
o
T

)
T

15 atm. percentage -undisturbed soll

£ N

0 10 ) 0
PWP-undisturbed soit

Figure 14.

PWP_undisturbed sod (Supwner}

15 ot percentage -disturbed soil

40

plol o

K . .

0 10 plo;
PWP-undisturbed a1t {(Spring}

i

30:—
w
10k *
-
10
i

g o 20

1§ atm. percentage-undisturbed soil

ILower limit of available water
Relationships between (A)

Permanent wilting points

(PWP) determined on undisturbed and disturbed soil,

(B)

and summer, (C)

both determined on undisturbed scil samples,

PWPs determined on undisturbed socil in spring
PWPs and 15 atmosphere percentages,

(D)

15 atmosphere percentages determined on disturbed

and undisturbed scil samples.

of three determinations

(37) 1.

Each point is mean
[From Salter and Williams



41

identical results frcm the two methods would kbe. The open
symbols indicate non-significant differences and the closed
symbols, significant differences (P = 0.05) between the re-
sults obtained by the two methods. A different symbol has
not been used for each soil; but soils in the five main
textural groups (U.S.D.A, Soil Survey Manual, 1951), fine-,
moderately fine-, medium-, moderately coarse-, and coarse-
textured, are distinguished by different symbols.

Salter and Williams (37) presented five different values
of the available water content fcr 11 soil types. These
values were calculated using various combinations of the dif-
ferent measurements of the upper and lcower limits of avail-
able water. The values are presented in Table 2. When reading
the table, it shows that when the direct method was used to
measure the upper limit of available water and the l5-atmosphere
percentage determined on a soll core for the lower limit, the
effect on the values obtained for the available water content
was comparatively small--the differences from the standard
method never being more than 16 percent for any of the soils.
For the majcxrity of soils, the differences were less than 10
percent. When the l5-atmosphere percentage was determined,
the differences from the standard were larger for the dis-
turked samples of scil than for the undisturbed cores of soil.

In another investigation, Salter and Williams (37) showed
that the moisture characteristic determined on the air-dried,
sieved sample of sandy loam soil was very different from that

obtained with undisturbed soil cores of the same solil. These
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samples of the sandy loam soil were prepared in five ways:

1. Undisturbed and storad in a water-saturated atmosphere
(method a),

2. A disturbed sample [50 gram air-dried, sieved (2 mm) ]
saturated in water for 24 hours (method b},

3. Same as 2 except sample was wetted slowly {(method c¢),

4, Samples were air-dried but not sieved, then wetted
slowly as in 3 (method 4), and

5, Samples cof unsieved, moist soil reformed into cores
wetted from bhelow (method e).

By methods (a) and (e) the relationship between the per-~
centage soil meoisture and log tension was found to ke linear
but these linear moisture characteristics differed signifi-
cantly from one another., Using methods (b), (c), and (d) the
relationships obtained were curvilinear and at almost all
tensions the moisture contents differed significantly from
those obtained from (a) which was regarded as the standard
method. These results are shown in Figure 15.

Another investigation by Salter and Williams (37) was
made between the moisture characteristics determined by
methods a and b of the preceeding investigation for five dif-
ferent soils. The results (Figure 16) show that moisture
characteristics differed significantly from one another.

As stated earlier in this paper, the degree of avail-
ability of scil water and the form of its movement in soil
is determined by the interrelationships that exist between
water and the solid and gaseousz phases of the soil. The

major discrepency between the results as derived by Richards
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and Fireman (35), and Salter and Williams (37) is that of
disturbed soils versus undisturbed soils.

The hydraulic properties of disturbed and undisturbed
soils were studied by Shaykewich (39). Initially, property
differences between disturbed and undisturbed soils were
given (Table 3). The results obtained were that in most of
the scils used, water content at low suction was greater in
disturbed than in undisturbed samples (Table 4). At high
soil suctions, pF 3.85 and 4.20, there were significant effects
bf sample disturbance on water retention. Also with respect
tc the lower limit of available water, in two cases out of
seven, soil disturbance had a significant influence (Table 5).
This agreed with the 30 percent found by Salter and Williams
(37):.

When Shaykewich (39) locked at hydraulic conductivity,
he found for most of the soils the hydraulic conductivity
for disturbed samples was greater than that for undisturbed
samples at low suctions (pF < 3}). At high suctions (pF > 3.5},
the opposite was true (Figure 17).

In considering how sample disturbances might influence
hydraulic conductivity, two key factors are believed to con-
trol the area through which water can flow and the length
of the path that water must flow. It.1s known that in many
soils a considerable portion of the water is held by swel-
ling forces associated with diffuse ion layers of clay parti-
cles (1, 4, 21, 34, 36). In relatively dry soils (e.qg.,

pF = 4.0), surface forces are probably more important than
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Table 4. Gravimetric water content at pF = 2.45
[From Shaykewich (39) ].

Soil and Horizon Undisturbed Disturbed
Plum Ridge Ah 24,11 23. 125
Pine Ridge Ah 19.82 25.:55
Morton Ah 23.28 26.40
wWellwood Ah 22.86 3381
Wellwood Bm 16..59 18.61
Wellwood 1 1948 23,47

Red River Ah 51.05 46.60



Table 5. Gravimetric Water Content at pF = 4.20
[From Shavkewich (39)].

Soil and Horizon Undisturbed Disturbed
Plum Ridge Ah 8.13 11.91
Pine Ridge Ah 9.88 10435
Morton Ah 10.50 8.62
Wellwood Ah Lds 38 13.72
Wellwood Bm 10.54 10.38
Wellwood @ 11.33 15.00

Red River Ah 28.67 29.75
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capillary forces even in granular soils. Therefore, it fol-
lows that at low pressure the flow is in the ligquid phase
while in dry soils, the movement of water in the vapor phase
is probably relatively important.

At the outset, Shaykewich's data exhibited soil property
difference between disturbed and undisturbed soil. Table 3
presents these results. When water content at low suction
was analyzed, the results showed that in most of the soils
used the water content was greater in disturbed than in undis-
turbed samples (Table 4). This agrees with the premise on
which the pressure plate or pressure-membrane apparatus was
established for determining soil water potentials. When re-
ferring to the principles of soil moisture retention, it was
mentioned that the amount of water retained by a soil at any
particular suction depends on the particles which compose it
and the arrangement of those particles. Here, as was de-
scribed, the larger pores empty first followed by progres-
sively smaller ones until an ill-defined point where adsorp-
tion forces hold the remaining water. According to Marshall
{(24), the actual amount of water available depends on the
structure rather than texture.

Remper (19) agreed with Marshall (24) that the structural
stability of the matrix itself may hold water. Such structure
would resist pressure and surface tension preventing the
removal of water from the interior of the matrix. At the
same time, however, applied pressure and the removal of water

result in a breakdown of soil structure thus forcing water out.
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Rode (29) compared two soils of similar texture but dif-
ferent structure. One was a powdery, structureless soil,
the other a fine, lumpy structure (lumps of sizes 1 - 10 mm).
He found that the structureless soil easily loses a consid-
erable part of its moisture through physical evaporation
because of circulation between particles under the action of
capillary and absorption forces. In the structured soil,
moisture is contained as "suspensional within aggregates”.

As was discussed earlier, no capillary circulation is pos-
sible in the intervals between aggregates because such inter-
vals are (relatively) wide; therefore, at 15 atmospheres of
tension, vapor pressure is of primary importance, affected
both by tempergture and pressure.

The relationship between moisture tension and temperature
is evident from a consideration of the free energy equation
and matrix potential (13). This potential, which is numeri-
cally equal to the moisture potential, is defined as the work
involved in trahsferring a unit of moisture from a point in
guestion in the soil mass to a reference point considered as
zero potential. It is evident that the term "pv" in the free
energy equation of £ = pv + e - Ts, is a measure of the work
involved in the process. Since pv = nRT, where n is the
number of moles of gas occupying a volume v at an absolute
temperature T and pressure P, and R is the universal gas con-
stant, solil moisture in the vapor form is a function of tem-
perature. Any increase or decrease in temperature from one

moisture determination to another moisture determination will
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cause a difference in the result. In the various data pre-
sented in this paper, the writers did not give the temperature
at which the experiments were run.

Pressure was also .mentioned as having an effect on the
determination of soil moisture. When the total pressure is
increased, the vapor pressure also increases. That is, as
more of an indifferent gas is pumped in, more of the ligquid
evaporates. The partial pressure of the wvapor phase by itself
is unaffected by the addition of the incdifferent gas; only
the liquid phase feels the additional pressure causing the
liquid phase to evaporate (38). When comparing 1 atmosphere
pressure to a 15 atmosphere pressure, at a temperature of
300K, an increase in vapor pressure of 1446 percent (38) re-
sults. Referring back to Table 2, this difference may account
for a portion of the differences between disturbed and undis-
turbed samples. The remaining difference, as pointed by Kemper
{(19), Marshall (24) and Rose (29), is possibly due to the
structure. When a structured soil is given a structureless
characteristic, allowing moisture vapor to follow a completely
different path to reach equilibrium, the increase in vapor

pressure may give a much higher removal of moisture.
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SUMMARY AND CCNCLUSION

This report presents two methods for determining soil
moisture retention properties of a soil. The first method
has a pressure range of 0 to 2 atmospheres, while the second
method has a pressure range of 1 to 15 atmospheres.

When the external pressure force is first applied, water,
which is retained by gravitational and/or matrix forces,
begin to empty from the larger pores. As the pressure in-
creases progressively small pores empty until an ill-defined
point is reached when adsorption forces retain the water.
Still a greater increase in pressure will begin the removal
of adsorbed water through the water vapor form.

Because retained water contains different quantities and
forms of energies, a relationship was set up between the
retained water and the type of potential energy attributed
to retaining that particular water. This assignment of po-
tential energies provided a basis for a quantative figure of
identifying the external force associated with retained
water that is available to plants. This is particularly im-
portant because a value of 15 atmosphere pressure has been
designated as the permanent wilting point, widely used
(especially in irrigation farming) to represent the lower
limit of water available to the crop.

Soil moisture retention values as determined by the
methods presented in the section on Materials and Methods

will provide accurate data that is repeatable. However, as



can be seen by this discussion, when a disturbed sample is
used, the accuracy of the data as compared to the actual value
is questionable., There is no guestion that errors will re-
sult when analyses are conducted in the pressure range up to

a pF value of 2.45. The controversy begins when the pressure
range is in the order of pF 3.85 and 4,.20. At this point,
authors differ.

The reason for the differences can be many. It was pointed
out that running the analysis at a different temperature has
a direct influence on the results. However, this difference
is minor when considering the slight temperature differences
in room temperatures. Pressure differential, which is inherent
in the procedure itself, provides a source o©f error when com-
paring the differences between structures of é disturbed
sample and an undisturbed sample.

Other effects based on scil properties concerned with the
amcunt of clay, organic matter, silt, and salt concentrations
are speculated upon but not shown as to what effect they have
when comparing a disturbed sample to an undisturbed sample.
Also, what effect entrapped air has is only theorized.

All these guestions need to be resolved before an accurate
picture can be obtained when concerned with determining soil
moisture retention properties at the permanent wilting point.

The purpose of this report is to provide a method using
the available equipment as supplied by Soilmoisture Egquipment
Corporation. It is to be noted the person using the equipment
must keep in mind the inherent problem of the equipment and

the accuracy that may be obtained.
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APPENDIX A

The following data was obtained on a loam clay soil

using the methods as described in section Materials and

Methods.
Soil Sample 2-Bar Determination 15-Bar Determination
Number percent by weight percent by weight
L 22.00 18,20
2 27.71 18.12
3 22.68 17.70
4 26.71 18.07
5 27.64 18 .35
6 20.45 18.34
7 18.23
8 18.78
S 17.09
1 18.45
% 18.70
12 18.66

Average 24.53 18.31
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ABSTRACT

The primary purpose of this report was to present a method
for determining soil moisture retention properties of a soil
using pressure plate apparatus. Two methods were reguired:
the first had a pressure range of 0 to 2 atmospheres; the
second, a pressure range of 1 to 15 atmospheres. Following
a literature search, a brief discussion was developed on how
water is retained by soils, the soil water potentials, and
the determination of soil water. Also within the text, re-
sults of different research were discussed highlighting the

controversy between disturbed versus undisturbed samples.



