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SOIL WATER

SOIL WATER POTENTIAL

TENSIOMETER

SOIL WATER CHARACTERISTIC CURVE

1. SOIL. WATER

e A

Soil waterT is important in itself as a feature of the
physical environment but is especially prominent in its relation-
ships with climatology and with the surface and subsurface hydro-
logic regimes as a component in the terrestriel water balance.

To understand the behaviour of soil water one must measure it.
This have long proved a difficult task both from the instrumental

aspect and because of the complexity of the so0il body surpasses
that of theﬁéégetated layer and atmosphere above,

Numerous techniques have been devised for measuring soil
mc sture content, and nine of these are listed in table 1.

'Of these, the first three have gained the greatest acceptance.
.cnly the most fraquently'applied methods will be discussed.

Table 1. Methods of measuring soil water content.
1. Gravimetric
2. Neuton scattering
3, Gamma-ray attenuation
4. Gamma-ray backscattering
5. Electrical resistance

6. Thermal conductivity

i 7. Chemical {Cadl,)

8. Time-domain reflectometry



1. 50il water content.

The soil water content (wetness) can be expressed in
terms of either mass or volume ratios or fractions.

- Mass_wetness. or dry. mass fraction of water (i)

(1)

This is the mass of water relative to the mass of
dry (105 °C) soil particles where w is the mass wetness, Mw
water mass and Mg dry (105 °C} soil mass)

| - Yolume_wetness_or_volume fraction of water (8)

A SV :
p e ¥ = T (2)
Vt Vs + Vw + Va .

It is the dimensionless ratio of the water volume (Vw)
relative to total bulk seoil volume Vt. The latter isithe sum
‘of the volume of sblids (Vs), water (Vw) and air (Va) (Fig 1).

The two expressions can be related to each other as

follows:
8. v s (3)
w Vt Hw
Ms
knowing: Py = T (mass of dry scil per utit bulk volume and
t  Usually lies in the range 1.1 and 1.7 g.cm °}
M
Py = ﬁﬂ (mass of water per unit volume of water and is
W 3

approximately equal 1 g.cm

)

hARE

3. .
Equation (3) becomes:
wp
. b
g = T (4)

So in order tc obtain the scil water content on a volume
basis the mass wetness is multiplied with the dry hulk density.

Both w and 8 are usually multiplied by 100 and reported
as percentages by mass or volume. .

The usefulness of the soil water content by volume lies
iﬁ the fact that it can be converted easily into head units
of water therefore being compatible with guantities-of rainfall
or irrigaticn water applied. BAll calculations involving the

'_ﬁater balance of the secil, including calculation of irrigation
"‘dgficits, water application efficiency,and recharge of the soil

isture reservolr by rainfall, involve the use of the volumetric
‘8011 water percentage (vol t of water = mm of water per 10 cm depth

-

volume
., mass relation
relation Ly

Air

L Ve

=
o
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Figure 1.

Schematic diagram of the soil as a three-phase system.



2. How to measure the soil water content?

The: errors of the gravimetric methed can be reduced by

increasing the sizes and number of.samples. However, the sampling

There are numerous procedures and types of eguipment for method is destructive and may distrub an observation or experimental

the determination of the soil water content. Since each method

e e b AR 1

plet sufficiently to distort the results. For these reasons, many
has its advantages and limitaticns it is well to consider both the prefer indirect methods, which permit making frequent or
parpose for which determinations are te be made and the features of

continuous measurements at the same point and once the egquipment
each possible method including the cost of buying eguipment and

is installed and calibrated, with much less time, labor and soil
disturbance.

operating and maintenance costs.

2.1. Gravimetric Method Although the gravimetric determination of soil meisture
i content is rather laboricus, it is, because of its simplicity and
The gravimetrie method of measuring soil water content reliability, the most extensively applied technique and is used

consists of removing a sample by augering into the soil and then as calibration standard for cother methods.

determining it moist and dry weights. The moist weight is determine
by weighing the sample as it is at the time of sampling, and the
dry weight is obtained after drying the sample to a constant
weight in an c¢ven. The standard method of drying is to place

2.2. Radiation Techniques

the sample in an oven at 105 °¢ for 24 hours.
Will be discussed by Prof.Dr. K. Reichardt
The mass wetness is the ratio of the weight loss in

drying to the dry weight of the sample:

. . ?
2.3. Time-Domain Reflectometry @
_ wet weight - dry weight _ _weight loss in drying
a dry weight weight of dried sample
The method depending as it does on sampling, transporting : The use of time-domain reflectometry (TDR) is coming into its own as an

important new tool for soil water measuremends. Early use of TDR stemmed
from attempts 1o deduce molecular structures from knowledge of the fre-
is alsc laborious and time consuming, since a period of at least quency dependence of the dielectric constant of arganic molecules. Discrete
measurernents made over a wide range of frequencies were time consuming
and tedious. Fellner-Feldegg (1969) used TDR to obtain the complete dielec-

and repeated weighings entails practically inevitable errors. It

24 hours is usually considered necessary for complete oven drying.

The standard method of oven drying is itself arbitrary. Some : tric frequency spectrum in a single Fxperimenl by recording the response to

. . ) the launching of an electromagnetic pulse alcng a finite coaxial transmis-
clays may still contain appreciable amounts of adsorbed water sion line containing the organic solvent. Time-domain reflectometry is now
even at 105 °C. On the othar hand, some organic matter may oxidize ; being used as a method for measuring the dielectric constant and electrical

conductivity of soil by determining the travel time and dissipation, respec-

and decompose at this temperature so that the weight loss may tively, of an electromagnetic pulse launched along paralicl metallic probes

not be due entirely to the wvaporation of water.

(‘)Text from "Development of Time-Domain Reflectometry fqr‘Measuring
Soil Water Content and Bulk Soil Electrical Conductivity" by F.
N. Dalton in "Advances in Measurement of Soll Physical Proper-
ties: Bringing Theory into Practices® SSSA Speclial Publication

—-0an
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Figﬁ-' Schematic illustration of lime-domain reflectometry principles shawing the launch-
ing of a voitage pulse ¥ with the transmitted and reflected components Vo and V.

embedded in the soil. Theoretical analysis and experimental correlations show
that the pulse travel time is proportional to the apparent dielectric constant
of the soi! and that signal dissipation is proportional to the bulk soil electri-
cal conductivity. These two fundamental physical parameters are uniquely
correlated with soil water content and pore water salinity.

A simplified symbolic representation of a TDR system used to measure
these parameters is-shown in Fig. §-4 A voltage V' is applied to the ends
of a buried transmission line. A fraction of the applied veltage, by,
propagates along the path defined by the parallel rods. Upon reflection. of
the pulse at the end of the rods in the soil, a fraction of the voltage, V3,

returns to its origins. Topp et al. (1980), Topp et al. (1982), and Topp and

Davis (1985a) used TDR to measure this pulse transit time and showed that
it is proportional to water content for & wide variety of soil types. Their work
in this area was preeminent in promoting the use of TDR technology for
water content measurements for agricultural purposes (Topp & Davis, 1985b).
This technique is also finding unique applications for studying soil water in
freezing environments, e.g. Patterson and Smith (1981), Baker et al, (1982),
Hayhoe et al. (198%), Hayhoe and Topp (1983), Stein and Kane (1983), and
Ryden (1986).

Early attempts by Dalton et al. (1984), Dasberg and Dalton (1983), and
Dalton {1987) to use TDR techniques for water content measurements in high-
ly conductive soils led to the development of methods for using other TDR
waveform parameters to infer bulk soil electrical conductivity simuitaneously
with soil water content. They showed that the TDR waveform not onty con-
tained information about the pulse transit time, but alsc information con-
cerning the dissipation of the electromagnetic energy that could be used to
deduce the medium electrical conductivity and therefare soil water salinity.
Topyp et al. (1988) measured bulk soil electrical conductivity in coaxial sam-
ple chambers using an anatysis that analytically accounted for 2 pulse reflec-
tion that was not explicitly considered in the previously described version.
Recently Daiton et al. (1990) used an analysis derived from loaded transmis-
sion line theory to measure bulk soil electrical conductivity based on mea-
surement of long time reflections. This will be discussed in some detail later
in the paper.

s e A

Bulk soil electrical conductivity is a soil-type dependent function of both
soil water content and pore water electrical conductivity (Rhoades et al.,
1976). The unique ability of TDR methods to simultancously measure soil
water content and electrical conductivity over identical sampling volumes,
using a single probe, makes TDR an impottant new research tool for agricul-
tural and hydrologic studies.

WATER CONTENT MEASUREMENTS

Complex physical measurements are often reduced to correlations be-
tween 4n instrument transducer output and some independent measure of
the physical property in question, With TDR, the soil-water content meas-
urement is ultimately a correlation between an instrument response (i.e., pulse
transit time over the path length of the TDR probe) and an independent mea-
sure of soil water content (i.e., gravimetric measurements). The fundamen-
tal physical property that affects the pulse transit time is the dielectric property
of the medium. This is seen by equating pulse velocities derived from elec-
trodynamics and mechanics. The electrodynamic expression for pulse veloc-
ity, v, is given in terms of the velocity of light in vacuum, ¢, and the relative
dielectric constant of the medium, ¢. The pulse velocity derived from mechan-
ics is given in terms of a transit time, #, and path length, 2/,

electrodynamic pulse velocity: v = e/Ve i1}

mechanical pulse velocity: v = 2//z. ]

Equating Eq. [1] and Eq. [2] and solving for the dielectric constant gives,
' ¢ = [et/2) 3]

Topp et al. {1980) measured this pulse transit time, ¢, in coaxial cham-
bers of known length and correlated the calculated value of the dielectric
constant, €, of soil with their volumetric water content, 8. This work repre-
sented the first data showing the efficacy of this new technology for soil water
measurements. A summary of this important work is given below in terms
of their empirically derived regression equation, ( . % %)

8= —53x 1072 +292x 1072
- 55 %x 1074 + 43 x 1078 ¢° 14}

This relation has been shown to be good, to within a few percent, for a wide «
class of soils. Using other calibration techniques, Roth et al. (1990) showed
the uncertainty in the water content not to exceed 0,013 em? em ™2, Drungil
et al. (1989) even found this empirical relation to be valid for gravelly soils.
Most likely this equation will require adjustment for peat and heavy clay

e
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Fig. 11 Cable tester connected to parallel wire wave guide showing full and expanded wave-
forms on cathode-ray tube used to measure moisture content. Point A results from pulse
entering soil. Poirt B results from reflected voltage returning to source.

soils or in any case where greater accuracy is required. According to BEq. [4]
and Eq. 131, the water content determination is reduced to the measurement
of the transit time of a voitage pulse over a known path length. A typical
pulse transit time for a path length of 30 em in a wet soil is about 2 ns. This
extremely small time interval can be accurately measured with commercially
available equipment. Figure, & $shows a Tektronix 1502 cable tester! (Tek-
tronix, Beaverton, OR) interfaced with parallel metaliic probes embedded
in a moist soil, and, the expanded wave forms and corresponding settings
for the function switches to measure soil moisture, The TDR wave form con-
tains characteristic pick off points that are used to measure the soil dielec-
tric constant. The distance between points 4 and B (Fig. {{}b) represent the
pulse transit time over a distance twice the probe length and is used to calcu-
late an effective dielectric constant for the soil using Eq. (3], and finally the
water content by using Eq. [4). Aggregate data obtained using these TDR
techniques for calculating soil water contents at various levels of pore water
salinity are shown in Fig. 4 The effects of moderate to low salinities can
often be neglected for TDR determined water contents. However, under cer-
tain conditions, the effects of salinity cannot be neglected and departures

from the relation described by Eq. [4] begin to occur. This condition is dis-
cussed in the next section.

"Namcs of products are included for benefit of the reader and do not imply endorsement
or preferential 1reatment by USDA.
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Figure & shows a block disgram of che TDR system and the
idealized TDR output. s
voltage step function as shown in Fig.

6 at A. The step
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Figure! & Block diagram of the TDR system and its connectiocn
to a soil aample. The lower portion shows an

idealized TDR output trace.

propagates down the instrument transmission line through the
receiver, B, to the transmission line filled with seil, C to D.
All the signal is reflected at D, the end of the transuwission
line. The receiver used an electronic sampling technique to put
out on the display an audio frequency facsimile of the radio
frequency signal., The displayed signal was either photographed
or recorded on an x-y plotter., The travel time of the step in
the soil was obtained by measuring the distance C to D along the
time axis in plots similar to that in Fig.G, » Eq. 3 was used to
caleulate the gpparent dielectric constant.

The TDR source generates a fast rise time.

A0,

11. SOIL WATER POTENTIAL

1. Introduction.

Soil water content is not sufficient to specify the entire

status of water in soil. For example, if soils with a same water content
but with different particle size distribution are placed in contact with

each other, water will flow.from a ccarse textured scil tc a fine textured

-soil.

One needs to define a property'tpat will help to explain this

.obsarvation.

Perhaps the following analogy will help. Heat content

;Vfohous‘to soil water.coﬁéent) is a property of a material that is
r L‘tor many. purposas.;
at will flow.

‘wh;ch pqrmits to. determine the direction of heat flow.

It will not, however, tell us directly whether
has been
The soil

Therefore a heat L,ten51ty term, temperature,

~water term that is analcgous to temperature (i.e. the intensity with which

the water 1s in the seoil) is called the soil water potential. Water

-'potentinl is a much more complicated property than temperature.

Energy atate of soil ‘wate:;.

Soil water, like other boﬁies in nature, can contain energy in

different quéntities and forms, Classical physics reccgnizes two principal

forms of energy, kinetic and potential. BSince the movement of water in

the

goil is guite slow, its kKinetic energy, which is proportional to the

velocity squared, is generally considered to be negligible. On the other
hand. the potential energy, which is due to position or interpal ceondition,
is of primery importanceé in determining the state and movement of water in

the soil.

L)
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The potential energy of soil watér variés over a very wide
range. Differences 1in potentizl energy of water between one point and
another give rise to the tendency of water to flow within the soil. The
spontaneous and universal tendency of all matter in nature is te move from
where the potential energy is nigher to where it is lower and to
equilibrate with its surroundings. In the soil, water moves constantly in
the direction of decreasing potential energy until equilibrium, definable

as a condition of uniform potential energy throughout, iE reached.

The rate of decrease of potential energy with distance is in
fact the moving force causing flow. A knowledge of the relative potential
energy state of soil water at each point within the soil can allow us to
evaluate the forces acting on soil water in ail directions, and to
determine how far the water in a soil system is from equilibrium. This is
arzlogous to the well-known fact that an object will tend to fall
spontaneously from a higher to a lower elevation, but that lifting it
reguires work. Since potential energy is 2 measure to the amount of work a
body can p.rform by virtue of the energy stored in it, knowing the
potential energy state of water in the s0il and in the plant growiné in

that soil can help us to estimate how much work the plant must expend to

extract a unit amount of water.

Clearly, it is not the absolute amount of potentisl energy
tgontained" in the water which is important in itself, but rather the
relative level of that energy in different regions within fhe goil. The
concept of soil-water potential is a criterion, for this energy. It
expresses the specific potential energy (= per unit mass) of soil water
relative to that of water in a standard reference state. The standard
state generally used is that of a hypothetical reservoir of pure free water
(i.e. water not influenced by the solid phase), at atmospheric pressure, at
the same temperature as that of soil water {or at any other specified

temperature) and at a given and constant elevaticon.

I+ is the convention to assign to free and pure liguid water a
potential value of zero.

empm L

Since the slevation of this hypotheiicnl resepvoly Can by weg
at will, it follows that the potential which 1s determined by CLaoarison
with ihis standard is not absolute, but by employing even so arbiirary o
critericn we can determine the relative magnitude of the specitfia potential

energy of water at different locations or times wiilhin the soil.

The concept of soil water potential is of great fundamental
importance. This concept replaces the arbitrary categorizations which
prevailed in the early stages of the development of so0il physics and which
purported to recognize and classify different forms of soil water: e.g

gravitational water, capillary water, hygroscopic water.

New definition by the scil physics terminology committee of the
International Soil Science Society provided more clarity in what used to be
a rather complicated theoretical set of criteria. The total potential of
so0il water was defined as follows: '"the amount of work that must be done
per unit. quantity (mass, volume or weight) of pure free water in order to
tranport reversibly and isothermally an infinitesimal quantity of water
from a pool of pure water at a specified elevation at atmospheric pressure
{standard reference state) to the soil water gt the point under

consideration in the soil-plant-atmosphere-system (figure 1).

If work is required the potential is positive, but if water in
the reference state can accomplish work in moving inte the soil the
potential is negative,

" Soil water is subjected to a number of force field which cause

its potential to differ from that of pure free water. BSuch forces result

from the attraction of the solid matrix for water, as well as from the
presence of dissolved salts and the acticn of the local pressure in the

soil gas phase and the action of the gravitational field., Accordingly the

total potential {vt] of soil water relative to a chosen standard rate can
be thought of as the sum of the separate contributions of the various

components as follows:



N 3. Ruantitative expression of scil water potential.

,-C(“t"“‘rc"d The dimensions of the soil water potential are those of energy

per unit gquantity of water and the units depend on the way the quantity is
, specified. Common alternatives used are:

a. Energy per unit mass of water.

Joule kg -
Sel This method of expression is not widely used.
N - Surlace
\Z, ™~
(5el _\\Qr- b. Energy per unit volume of water (pressure).
7 :

This is the most common method of expressing potenilial and can bhe
written with unite of either Pascal or bar or atmosphere

Joule m™> or N ™2 (Pa)

. c. Energy per unit weight of water (head).
E: '
i . P tial of soil water, water in plant cell and water in the - i )
Figure 1 otentia . . _This method of expressing potential is also common and has units of
atmosphere. - . Length.
o Joule N1 = MmN ! cm

vt = wg + vo + vm + ve.p + e

For conversion from cne unit to another knows that:

- -1
where: y, = total so0il water potential o - 1_bar corr;sponds to 100 J kg
¥ = gravitational potentisl o ’ -1 bar = 10° Pa
‘vg = osmotic potential . — 1 bar corresponds to 10 m water head
Q
v = matric potential i
¥ = external gas pressure potential ' 4. Gravitational potential.
e.p

The dots signify that additional terms are theoretically Every body on the earth's surface is attracted towards the

possible. ceanter of the earth by a gravitational force equal to the weight of the

body, that weight being the product of the body's mass by the gravitational
The main advantage of the total potential concept is that it acceleration. To rise a body against this attraction, work must be
provides a unified measure by which the state of water can be evaluated at expended and this work is stored by the rised body in the form of
any time and every where within the scil-plant-atmosphere system.

gravitational potential energy. The amount of this energy depends on the

body's pasition in the gravitaticnal force field.

s
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{*)

Volumetric potential

Conversion table for units of soil water potential

Weight potential

Specific potential

units

units

units

atmosphere

Pa

millibar

bar

Jaoule/kg

—

0.001017 x 10

0.000000987

0.1

0.001

0.000001

0.0001

o]
%
[ b~
- —
o o
st —
~
0
4] [
(=] @
o o
(=] o
o) '}
Q o
— =1
o
2 2
[=)
~
—
Q
o —
L Q
o
—

-2

1.017 x 10

0.000987

102

0.001

10.30

1.013 x 10°

1013

1.013

101.3

10

0.0009703

98.33

0.9833

0.0009833

0.09833

000 g/cms. This holds only at 4 °C but is approximately correct

The density of water was taken as 1

(*}

at other temperatures.

The gravitational potential of o1l wiie: ol =Aach poaint
determined by the elzvation of the point reiative o 5S0M2 arbitrary
reference level, IF the peint 1in gueastion is abave the reference, vy ‘g
positive;, 1if the point in question is below the reference, MJ is negative.
Thus the gravitational potential 15 independent ol scoil properties. 1t
depends only on the vertical distance between the reference and the pnint

in question.

At a height z below a reference level {(e.g. the soil surface)

the gravitational pa=ential of a mass M of water, occupying a volume V is:

-Mgz-=- Py vV gz

where Fh is the density of water and g the acceleration of gravity.

Gravitational potential can be expressead:

- per unit mass: HE = -gz (J kg_l)
-_pe? unit volume: vgv = vg C Ry = TR, g 2 (Pa)
- par unit weight: = 1/g = - z (m}

P gh You = Vg /8 (

5. Qemotic potential.

The osmotic potential is attributable to the presence of
solutes in the goil water. The solutes lower the potential energy of the
soil water. Indeed, the fact that water molecules move through a
semi-permesble membrane from the pure free water into a solution (osmosis)
indicates that the presence of solutes reduces the potential energy of the
water on the solution side (figure 2). At equilibrium sufficient water has
passed through the membrane to bring about significant difference in the
heights of liguid. The difference {(z) in the levels represents the osmatic

potential.

Since the osmotic potential of pure free water is zero the
osmotic potential of a salution at the same temperature of free water is
negative (water flow occurs from peint of high potential te one with lnwer

potential).
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Figure 2. Schematic presentation of osmosis.

Differences in osmotic potential only play a role in causing
movement of water when there is an effective barrier for salt movement
between the twe locations at which the difference in 15 was observed.
Otherwise, the concentration of salts will become the same throughout the
profiles by the process of diffusion end the difference in ‘b will no
longer exist. Therefore osmotic potential does not act as a driving force
"in water flux. This potential is of importance in water movement inte and
through plant roots, in which there are layars‘of celle which exhibit

different permeabilities to solvent and solute.
6. Matric potential (*).

Matric potehtial results from forces associated with the
eolloidal matric and includes ferces associated with adsorption and
capillarity. These forces attract and bind water in the soil and lower its

prtential energy below that of bulk water. The capillarity results from

the surface tension of water and its contact angle with the solid

particles. In an unsaturated {three-phase) soil system, curved menisci

form which obey the equation of capillarity

™)

Matric potential and the former term matric suction are numerically

equal - when expressed in the same units -

but except for the sign.

L P AP S EP Y I

. h'_}hlatioh of the negative pressure potential or matric potential to the

49

where P is the atmespheric pressure, conventionally taken as zere; P ine
a

1
pressure of soil water, which can be smaller than atmospheric, AP is the

pressure deficit; ¥ the surface tension of water and R] ang H? are the
principal radii of curvature of a point on the meniscus, and taken as

negative when the meniscus is concave.

As we assume the soil pores te have a cylindrical shape (figure
3) the meniscus has the same curvature in all directions and equation above

becomes:

" since:

T
=
[ ]

—_
1=}
]

0; angle of contact between water
and the soil particle surface)

~ 2y .
i AP = - with AP equals h Py B

' I'where: h = height of capillary rise

| 8. = density of water
g = scceleration of gravity
r = radius of the capillary tube
If the scil were like a simple bundle of capillary tubes, the
equations of cuﬁillerity might be themselves suffice to describe the

i:ffédii"ofsthc goll pores in which the menisci are contained. However, in B

fadditipn to the capillary phenomenon, the soil alsc exhibits adsorptien,
which forms hydration envelopes, over the particle surfaces. These two

mechanisms of soil water interaction are illustrated in figure 4.

The presence of water in films as well as under concave menisci
is most important in clayey soil and at bigh suctions or low potential, and
it is influenced by the electric double layer and the exchangeable cations
present. In sandy soils adsorption is relatively unimportant and the

capillary effect predominates.

L&

e ™
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In general, however, the matric potential resolts from the
combined effect of the twn mechanisms, which cannni essilv be separated

since the capillary "wedges'" ares at a state of interral egquilibrium witr

the adsorption "films" and the nnes cannot be changed without affecting -ae
cthers. Hence matric potential denctes the total effect resulting from -he
affinity of the water of the whnle matric of the seoi1l, including its porss

and particle surfaces together.

The matric potential can be expressed:

- per unit mass:

2y 1

Yo S BR =X (3 kg )
- per unit volume:
- 2y
Vv, P, = PENS - (Pa)
- per unit weight:
1 - 2y
vm i h = W BT (m)

The matric potential is a2 dynamic property of the soil.

In saturated soil {below the ground water level) the liguid
phase is at hydrostatic pressure greater than atmospheric and thus its
pressure potential is considered positive (figure 3). Thus water under =
free water surface is at a positive pressure potential (hydreostatic
pressure potential vh), while water at such a surface is at zerc pressure
potential {assuming atmospheric pressure in the soil) and water which has
risen in a capillary tube above that surface is characterized by a negative

pressure or matric peotential.

Since s0il water may exhibit either of the tws potentiails, bot
not both simultaneously, the matric and the hydrostatic pressure potential

are referred to as the pressure potential (wp).



Nevertheless 't is an advantage in unifying the matric

potential and hydrostatlic pressure potentiél in that this unified concept
allows one Lo consider the entire profile in the field in terms of a single
continuous potential, extending from the saturated zone into the

unsaturated zone, pelow and above the water table.

7. External gas pressure petential.

A factor which may affect the pressure of soil water is a

possible change in the pressure of the ambient air. In general this effect

is negligible in the field as the atmospheric pressure remains nearly

constant small barometric pressure fluctuations notwithstanding., However,

in the laboratory the application of excess air pressure to change the soil

water pressure is a common practice resulting into the so called external

gas pressure of pneumatic potential (See determination of the soil water

characteristis curve by the pressure plate extraction apparatus).

FINAL REMARK.

The effect of an external gas pressure different from the

atmospheric (reference) pressure is generally alsgo included in the pressure

potential so that:

Vo=

P * vh + 1’e.;:.

Accordingly the total potential being:

MR

t MRS

characterizes fully the state of water in soil under the prevailing

conditions: the gradients of these three parameters are the basis for

transport theory.

L A

8.

Hydraulic head.

The total potential is obtained by combining the relavant
component potentials:

(A

Equilibrium, which is defined as the situation where mass

transfer of water in the liquid phase is absent, is nbtained when the vatue
of the total potential at different points in the system is constant

Usually, sufficient condition is that the sum of the component potentials,

vo being ignored, is constant.

The equilibrium condition states then that

vg + ﬁp = constant = ¥

’ (1)

called hydraulic potential.

As already stated, the external gas pressure or pneumatic
jpotential in the field may be assumed to be zero.

Alsc the soil water
withxn 8 profile may exhibit either matric or hydrostatic pressure

ﬁential {figure 3) but not simultaneocusly.

.

Therefore it is an advantage
i ,unifying,both in a single continuous potential extending from the

eaturated region into the unsaturated region below and above the water
table.

As it is often usual to designate the potential in terms of
hbgd;-équatinn {1) becomes:

|
where: h = the so0il water pressure head (m)
.

» 0 under the water table (saturated zone)

<0 above the water table (unsaturated zone)

z = the gravitational head (m)

n

the hydraulic head(m)
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The definition is very nportant because the hydraulic gradient
petwezen two points under cansideration in a soil is the driving ferce for

water movement. .

in figure 5 the cendition is applied to 2 vertical soil column
in equilibrium with a water table. No water movement occurs in the column.
The water table is taken as the reference level for the gravitational

potential.

Under the water table matric potential equals zero, but a
pressure potential called hydrostatic pressure potential occurs which can

also be presented by a value of h but with always a positive sign.

n {cm}
1
v
A
A
\
30 [ By ¢
S
AY
N
an

0.2 ot a8 - 10 /)| 0 0 30 (o)
{cmd.cm-3)
molatuce content l
|
ground u:t-r Levael \r‘ | ’_h(h)
‘ reference level
Figure 5. Equilibrium condition in a soil column.
height (cm) wg {z,cm) L (h,cm} ¥y, (h,cm) L2 (H, cm}
30 30 - 30 0 o]
20 20 - 20 G .0
10 10 - 10 o] [e]
reference
O " Tlever © o 0 0
- 10 - 10 0 10 o
- 20 - 20 0 20 o
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[I1. TENSIOMETER

i. Hydrostatic pressure potential — Piezometer.

As discussed earlier the hydrostatic (positive) pressure

potential Vi, under field conditions applies Lo saturated so0ils and i3

neasured with a piezometer (figure 6).

A piezometer is a tube of a few cm inner diameter, open at both

!
3
t
i
i
l

ends, which is ingtalled in a soil profile. If the lower end is below the

a piezometer is partially filled with water. By

:détermining the height of the water level in a piezometer it is pessible to

g:oundwater table,

ulate the (p051t1ve) hydrostatxc pressure potential of the soil water
at the;lower end of the tube.! The diameter of piezometers is chosen large
"gh that caplllary rise. and resistance to water flow are negligible. As
y variation in hydraullc potentlal that may arise inside the

Thus, even if the hydrostatic

ulic ‘head. of the so;l water at the open lower end. There exchange of

takes place such that the pressure is always locally uniform. The
ticihydraulic head in piezometers can be determined by measuring the

‘the water level, siﬁ?e’at the flat air-water interface the

ssure.potential is zero. .

soil surface

T/ 777 f/////’[

0.5 m

—_ ﬁ__‘i — ground water level

e O —3)

3m

A plezometer in 2 snil profile.

Figure 6.



Figure [ shows 2 piezometer in a souvl prafite in which the

water is at static equilibrium. The reference point z = 0 is taken at the

s50i1 surface. In the pieznmeter at the water tlevel H=h + 2 =0 - 0,85m =
~ 0,5 m. Thus at point A, H must also be - 0,5 m {(H=h+ 2z =

0,30m - 0,80m = - 0,50 m).

The hydrnstatic pressure potential expressed per unit weight of
water at any peint in the soil under the water table is the distance

between the point and the water level in the piezometer tube.

The water level in a piezometer tube is at the level of the
groundwater table in a situation of static equilibrium, independent of the

depth of the lower end,

2, Matric potential — Tensicmeter.

Piezometers cannot be used to measure negative pressure
potentials because in unsaturated conditions, water flows out of the tube
into the soil leaving the tube dry. The negative pressure or matric

potential can be measured with the so-called tensiometer.

The tensiometer consists of a liquid filied porous =up, mostly
of ceramic material and connected to a prassure measuring device such as a

mercury nanometer or vacuum gauge via a liquid-filled tube (Figure 7).

GAUGE TQ

MEASUNE TENSION KL LEVEL

Figure 7. Tensiometers with a vacuum gauge.

If the ceramic cup is embedded in s0il, the s solulion cps
flow inte or out of the tensioir:ter through the very small pores in che
ceramic cup. Analegously to the situation discussed for piezometer, this
flow continues until the (negative) pressure pntential of the liquid in 1re
cup has become equal to the (negative) pressure potential of the soil wazer
around the cup. Thus the (negative) pressure potential called matric
potential 1& of s0il water can be measured with a tensiometer, and is

therefore also often called tensiometer pressure potential.

3. Principle of the tensiometer.

When the cup is placed in a water reservoir (figure B8), the
water inside the cup comes into hydraulic comtact with the water in the
raserveir through the water-filled small pores in the ceramic walls. The
water level in the tube will indicate the level of the water in the

reservoir.

=3

Water——af—

[— Pporous cup

Figure 8. Porous cup connécted with a piezometer tube for measuring

pressure potentials under the water table.

The pressure is given by the height h of the water level above

the middle of the porous cup and the pressure P, equals:

A

where: = density of water

P
W
g = acceleration due to gravity

L



(¢ ye plare now the porous cup, conne~ted with a U-shape water

Filled tube in a seil than the bulk water inside the cup will come in
hydraulic contact with the liquid phase in the suil. When initially placed
in the soil, the water in the tensimmeter is at atmospheric pressure. Snil
water in unsaturated snil has a negative pressure and therefore exercices a
suction which drawn out a certain amount of water from the rigid and
air-tight tensiometer, causing & drop in the wat:r level at the open end of

the U-tube (figure 9).

= __77,/ WA — soil surface
e
bl [ N iB—porous cup
h |
water :
5

Figure 9. Tensiometer for measuring pressure potentials in soile.

The drier the soil, the higher the suction and the lower the
water level at equilibrium in the U-tube. The height h of the liquid
column that has moved into ("sucked into") the soil in figure 9 is
therefore an index of the magnitude of the potential, or:

PA =-b,&H
As h is measured downwards the minus sign is introduced go that

PA giver a negative pressure.

This type of tensiometer is very simple and useful to
illustrate the basic principles involved. Practical applications often do
not allew the use af the water manometer because the U-tube extends below
the level of the tensiometer cup and measurements thus requires
inconvenient, deep pits. Therefore open manometers, filled with immiscible
liguids of different densities such as mercury are used so that these

problems de not arise (figure 10).

e o —r——————— 11 o b o

wates

mercury

Figure 10. Tensiometer with mercury manometer.

Using mercury implies that & relatively short height indicated
a relatively large pressure difference in the manometer (1 cm of mercury
corresponds to 13.55 cm eof water). Besides the simple water or mercury

menometer a vacuum gauge or an electrical transducer is also used.

4. How to calculate the soil water pressure head h and the hydralic head H.

Let x be the height of the mercury in the manometer {(in cm) and

.‘2 #he vertical axis. At the interface water-mercury in the manometer, the
pfessure‘is the same in water and in mercury (being PB}. The repartition
of the pressure is hydrostatic in the water column between point B and the
vensiometer cup (point A), but also between point B and the free surface of

the mercury in the reservoir (point c).

reference level

7777777

Zp

Figure 11. Tensiometer installation with the mercury level in the

reservoir at the $0il surface being the reference level.



Using the hydrostatic law for liquids in equilibrium one

obtains per unit weight of liquid the following hydraulic head equation:

z + P/og = eonstant

where: z = gravitational head,
p/og pressure head.
From figure 11 one obtains:
- in wafter:

Because soil surface is tdken as reference level for the
gravitational potentiel, and peint A is located below that level, the

gravitational head is negative (- zA).

PA - zADwg = PB + z5P R

+ z,)

P, = Pp + 2,8 + Z,R8 = Py + n.&(z, + 2y
— in mercury:

because: Zo = 0 reference level

PC = atmespheric pressure = 0

the eguation becomes:

or:

B~ " "ug® %

(1)

(2}

3.
(2} in (1) gives:
; PA = - QHg € % + Z, + Z (3)
1 e, B LI A B
! Since: o, = 13600 k m3
i C Pug T £
= 1000 kg m
w
{3) becomes:
hA = - 13.6 Zp + T, + I
or:
hA = - 12.6 zg * 2,
n = - 12.6 % + 2

A A {4)
! Wormally the free surface of the mercury in the reserveir
t (point C) ie loceted y ¢m above the soil surface (reference level)
o {figure 12).
= y Equation {(4) becomes:
E ’ hA =-12.6 x + ¥ + 2, (s)

-*,Wliﬂt
L

=

reference teval

Figure 12. Tensiometer installation with the mercury reservoir y cm

above soil surface.

£



the gravitat;ona\ head =z,

The hydraci:r oead H, being the sum of the pressure head h and

fH = h + z), becomes:

Ho=s -~ 12.68 x +y + z, * (—ZA)
H=-12.6x+y (6}
Example
Given: The porous cup of a tensiometer with mercury manometer is installed

0.3 m under the soil surface.

The height of the mercury in the

manometer is 0.31 m.

The level of the mercury reservoir is located

0.4 m above the soil surface. Reference level is the soil surface.

Calculate: — soil water pressure head h

~ hydraulic head H
SBolution:
h=(-12.6 x 0.31 + 0.4 + 0.3) m = = é.aoim
H=(-12.6 x 0,31 + 0.4) m= - 3.50 m

5. Some characteristice of the tensiometer.

- cup conductance!

[-\)

1 -
K= At Ah

being the volume of water passing through the cupwall under a unit

pressure difference per unit time (m3 s-1 Paﬂl)

- sgensitivity of the manometer:

being the change in manometer reading per unit volume change of water
(Pa m )

33,

- response time of the system:

1
TR T K'S

is a measure »f the over-all responsiveness of the instrument to a change

of soil-water potential at the cup surface (s)

6. Practices and limitations of tensiometers.

The purpose of the measurements with tensiometers is to

characterize the existing pressure potential of the soil water.

Water within the tensiometer should be continuous throughout
the system to allow a correct transfer of pressure from the soil to the

Mercury.
system inoperative.

Occurence of gas bubbles disrupts this continuity and makes the

The fine porous cup has the function of not allowing
psnetration of air from the unsaturated soil into the water-filled

tensiometer tube, even though water can and should mcve through it. The

fines pores inside the wall of the ceramic cup have a high air-entry value
"h§qh ;5 the pressure needed to remove the water from the pores in the cup
: Even with a high air entry value breakdown of the
_ypfém'pccurs due to entrapped air within the tensiometer tube or to air
_égging-éut of sclution at reduced pressure.

) Due to the fact that the manameter measures a partial vacuum
relative to the external atmospheric¢ pressure, measurements by tensiometry
o Q#pfzenerally limited to about - 850 cm of water. Use of tensiometers in
{ﬁgif&eld”is therefore only possible when pressures do not fall below this
vaiﬁe._ However, the limited range of pressure measurable by the
tensiometers is not as serious as it way seen at Tirst sight. In many
agricultural soils the tensiometer range accounts for more than 50 % of the
amount of soil water taken up by the plants. To what extend the available
water range expressed e.g. as a percentage of the water between pF 2 and pF
4.2, is covered by the tensiometer depends on the shape of the moisture

characteristic curve (pF-curve) as shown for three soil types in figur: 13.

33,
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Figure 13. Fart of the available moisture range coversd by tensiometers,
depending on soil type
1. Sand 50 % of available moisture
2. Loam 75 % of available molsture
3. Clay 25 % of available moisture

Thus where soil management {particularly in irrigation) is
aimed at maintaining high pressure potential conditions which are mostly

favorable for plant growth, tensiometers are definitely useful.

Air diffusion through the porous cup into the system requires
frequent purging with deaired water. Tensiometers are alsc sensitive to

temperature gradients between their various parts. Hence the above-ground

parts should preferably be shielded from direct exposure to the sun.
Therefore it is also suggested to make readings always at the same time of
the day (e.g. at 08.00 a.m.).

when installing a tensiometer it is important for proper

functioning that good contact be made between the porous cup and the

surrounding seil. Generally the porous cup is pushed intc a hole with a

slightly smaller diameter to ensure good contact. If the soil is initially

rather dry and hard, prewetting of the hole may be necessary. In a stony

soil a small excavation should be made and filled with very fine sand into

which the tensiometer can be placed.

s e e it e B TRYAY B
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With mercury manometers, even when small <iameter nylon Lubing
(+/- 2 mm) is used, often a considerable volume of water must be adsnried
by the soil (during water uptake or drying process) or by the parous cup
(replenishing by rainfall eor irrigation} before the potential that reaily
exists can be read off correctly. A very convenlent modern device, the
electronic transducer can be used which reacts to very small changes in
pressure and converts these changes in a small elect ical current which can
be registered and amplified by a voltmeter. This system is very accurate
but also very sensitive to the occurence of small air bubbles in the ‘

tensiometer system. Moreover ie it rather expensive.

Since the porous cup walls of the tensiometer are permeable to
both water and solutes, the water inside the tensiometer tends to assume
the seme solute composition and concentration as scil water, and the

instrument does not indicate the osmotic potential of soil water.

7. Applications of measurements.

By the use of several tensiometers at different depths the

direction and magnitude of water movement can easily be as certained. 3

Ty



EXAMPLES

€.

Determination of the direction of water flow at different levels in the

soil profile (Figure 14}.

The concept of the water potential is well suited for the

anilysis of water flow in soils, since all flow is a consegquence of

patential gradients.

Darcy's law, though originally ecenceived for

saturated flow only, was extended to unsaturated flow, with the provision

tnat the conductivity is a function of soil water content 6.

For a vertical cne dimensional water flow Darcy's equation can

be written as follows:

where: q = flux

dH
q = - K{8) iz

K{8) = hydraulic conductivity

H = hydraulic head
=h + z with h =

b4

soil water pressure head

gravitational head

(7

The minus sign in the equation indicates that the flow is in

the direction of decreasing potential.

tensiometers located at depths z1 and z2 (21 < zz):

- g will be negative (upward flow - evaporation) if H

This means also that if we have two

> H

2 17 the rise of

mercury in manometer n® 2 is lower than in manometer n® 1

- q will be positive (downward flow - perceolation} if H2 < Hl; the

opposite situation is cbserved

- g will be zerc (plane of zero flux} at a certain depth z when the curve

R{z) will show a maximum or the rise of the mercury a minimum because

dH/dz = 0.

A graphical example is presented in figure 14,

— 3%,

l’! (em)

Figure 14. Hydraulic hesd profiles.

increase with depth.
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— Nun-rical example.

Reference level being the seil surface.

tensiometer z, = 50 cm x = 10.7 em y = 20 cm
tengicrmeter z, = 7% em x = 13.8 em y = 20 cm
H1 = - 12.6 x + ¥y =~ 1.05m
H2 = 12.6x +y=-1.54m

In this situation downward flow accurs since flow is towards

the position with the lowest water potential.

2. Flux control at a certain depth.

From agricultural point of view it could be of interest to know
if there is a recharge of the water table or capillary rise. Therefore
only 2 tensiometers are needed with a depth distance of say 25 cm in the
sontrol zone. A simple reading of the rise of mercury in the mancmeter

will indicate the flow direction.

Knowing the moisture content 6 at the depth between zy and Ty
the K(8) relation of that soil and the hydraulic head gradient dH/dz, one

can calculate the instantanecus water flow g (see equation 7).

3. Determination of the soil water characteristic curve ($r retentivity

curve) .

The h-8 relation‘(retentivity curve) of a soil layer in situ

can be established:

- knowing the soil water pressure head (h) using tensiometers (see
equation 5)

- knowing the snil water content (8) using the neptron moisture meter.

SR P S S
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minimum 2 locations.

4. Scheduling irrigation.

The root zone for most agricultural plants is limited to the
unsaturated part of the profile because the plani roots do not proliferate
in 2 saturated soil where aeration is limiting. Consequently in a
non-saline soil the plant behaviour is largely determined by the matric
potential of the soil water. Moreover the plant does not depend as much on

the quantity of water present as it dcos on the water potential,

Water should be applied to the scil when the matric potential
i still high enough that the s0il can and does supply water fast encugh to
meet the atmopsheric demands without placing the plant under a stress that

will reduce yield or quality of the harvested crop.

Although the tensiometers function over only a limited part of
the available water range (O to - 800 cm water) it is usually in this range

that plants should be irrigated.

From practical point of view tensiometers are installed at
One unit should be placed in the zone of maximum root

'activity and another near the bottom of the active rootzone.

The time to irrigate is determined by following the matric
potentisl readings in the zone of the greatest root activity. The exact
velue of the matric potential at which water should be applied is not the
same for every c¢rop. A good approximation of that matric potential is
available for many common crops (table 1). For most crops it is time to
irrigate when the top tensiometer reads - 300 te ~ 500 cm water and the

bottom tensiometer begins to indicate drying.

LS
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Table 1.

Matric potential at whith water should be applied for maximum

yields of varinus crops grown in deep,

well-drained soil that is

fertilized and otherwise managed for maximum praduction.

twn values are given,
demand is high and the lower va
values are used when the at
piration 1is intermediate.

additional experimental data become availablel.

(TAYLOR and ASHCRIFT, 1972} .

wWhere

the higher value is used when evaporative
lue when it is iow;
mospheric demand for evapotrans-
(The values are subject te revision as

intermediate

Eguivalent
Matric potential matrit suction
Crop (joutesflg) {centibara) Raference
Vegetalive crops '
Alfalfa —-150 130 S. A Taylor
Beans (snap and lima) =730 -x0 7510 X0 Vittam et 4l {1963}
Cabbage _§0w —70 &0t 76 Vitam et sl (1963), and Pew
. (1958)
Canning peas —30to -0 0to 50 S A Tuylor"
Celery —30ic -3 20130 A W.Manh®and Mah (1961)
Grass ~30t0 —100 30t 100 Vissar (1959) s
Lettuce —~40t0 ~60 . 0108 A, W. Macsh ! Vissar (1959), and
o Pew (1538* -
Tobacco ~3010 —80 e B0 Jones et al. (19607
Sugar cane ' .
Tensiemeter ~15ta =% 151030 Waterhouse et al. {(1954]
Blocks it ~200 T 1000200 . Robinton{(1963) .
Swect corn 30w —-100 5010100 .S A Taylor! wid Vitam et al
T wsey | -
Torfgrass _'?]l-;ho_;-ls 1036 Morgan (1964)
Root crops ' s
bni_ons . . .
Early growth —d510-55  45toSS . Pew (1958
Bulbing time —5510 —65 55ta &3 Pew {1558
Sugar beéts —40t0 =60 ° 40080 5. A Taylor*
Potaloes ~30to —350 Hto 50 5. A Tuylor," Vittam etal (1963),
and Pew (1958)"
Carrots —55t0 —65 551065 Pew (1958)° :
Broceoli o R
Early 4510 ~55 451055 Pew {1958)"
Afller budding . ~601e =70 &0t0 Pew (1958
Cauliflower —6010 ~70 &0t 70 Pew (1958)*
Fruit crops
Lemens ~40 - 420 A. W, Mursh*
Oranges _3w—100 201100  Stolzy etal {1963)
Deciduous fruit -35010 —80 501030 AW, sk and Visssr (1959)
Avocadoes -5 50 Richards et al. (1962)
Grapes .
Early season —4010 =50 4010 X0 AW Marsh*
During maturity < —100 > 100 AW, Marsh®
Strawberries —Hw -3 Wto 30 A. W. Merth.® and Marsh (1961}
Canlaloupe —3510 =40 3504 Marsh ([961), and Pew (1958)
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Table 1 (comd.)
Equivalen T
Mairie porential  inatric suciion
Crop ( joulestkg) [eentibars) Reference
Tomatoss ~8010 ~ 150  EQ1o 1350 Viuam et al (195817 and Vitlam
et al, (1963)
Baranns ~30w —150  30to 150 Schmeul (19531
Grain crops
Corn
Yegelative period —50 50 5. A. Taylor'
During ripening —E 10 ~1200 800101200 5. A Taylor®
Small grains X
Vegetative period —401t0 —50 40 to 50 S. A Taylor*
During ripsning _4§00 10 1200 300 to 1200 § A Tayler'
Seed cTops |
Alfalfs
_ Priot o bloom -0 200 Taylor ¢t al. {1959)
- During blesm ~ —400to —300 400 to BOO Taylor et al (1959}
During ripening _800to —1500 80010 1500  Tayloretal (1959)
Carrots -*
During seed year R
—-400t0 =600 4000 600 BEawthorn (1951)

it B0 cm depth -

-/ Duting seed year,
\at 7 eam'depth 7T
2415 depth
“Lettuce'> " -

—400to —600 40016 60

150 - 130
300 100

Requires short periods of low
potentisi to break bud dormancy,

- foliowed by high water potenlisl

Hawthorn (19Si)‘
Hawthorn (1951}

Hawthorn et al. (1956}

Alvin (1560}
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IV. SOIL WATER CHARACTERISTIC CURVE ! ’
rext from "Soil Physics® by Jury W.R., Gardner W.R. and Gardner i By the equilibrium principle, water wili flow from the soil samples through the
W.H. (John Wiley & Sons, Inc., New York) i ceramic to the reservoir until the total water potential of the system is constant.
. i At thig time the potential of the free reservoir may be set equal te zero, and at the
soil sample heightZ we may write (z = 0; P = P,,; neglect sclutes) ,, + ¢,
=0 =y, + 0,85 01, = —p.82
| When equilibrium has been restored, some of the sampies may be removed und
; i their gravimetric or volumetric water content measured. The tube may then be
1 Measorement : lowered further and a new set of samples measured. ‘
In rigid porous media, the matric potential as defined in the preceding represents If there is good contact betwesn the soil and the ceramic, equilibrium will be i
the effect of adsorptive soil solid forces and interfacial curvature on water potential reached rapidly (i.e., several hours) since the samples are quite meist. The range !
energy. The functional relationship between the matric potential and the gravi- of the device is limited chiefly by the space available for lowering the water col- '
metne or volumetric water content is called the water characteristic function or . umn. : S e : "
matsic potential-water content function y,, (). This function may be evaluated by P - ' ' i =
measuring matric potential and water content simultaneously with the methods ; '.:Prcssure Pidie (Range — 15000 em sk 5 - -300 crn) The'pr ‘ssure plate consists
already discussed during a succession of water content chadges. In the laboratory, | “of an “air-tight chamber enclosing & “water-saturatéd, porous ceramic plate con-
,.{#) may be measured on replicated prepared samples over a large range of water { pected on its undetside to & tube that extends through the chamber to the open air,
contents. Virtually the entire range from water-saturated 0il to very dry soil may Saturated soil samples are enclosed in rings and placed in contact with the ceramic
be covered by using a hanging water column, a pressure membrane, and equili- on the top side. The chamber is then pressunzed which squeezes water out of the
bration over salt solutions. These davmes will be llustrated using the equxhbnum soil pores, through the ceramic, and out the rube (Fig. 2.12).
5'1'““-‘1’]e o : . "Af equilibrium, flow through the tube will cease. We may st the mtal patential
: o ) . ! aqul.llnmnthcpomtwhemlhewamre.xnsﬂwtube_Inmdc&\cplatewr,may
Hangmg Water Cqumn (Range —100 m<h< 0)"A hanging water column : Y ¥ AP, 0L Yy =
consists of & water-saturated, highly pe.rmublepomus cerumic plate eonnected on C o
its underside to a water column terminating in a reservoir apenlo the. mnospbem. r.qu:.].:bmzm is reached, the chamber may be depmssunmd and the water :
Watei-saturated su:nples of sail held in rings are placed in contact with the fat " content of the samples measured. An assumption is made in this method that the :
plate when the water reservoir height is even with the top of the plate, 'I'Imn the I " matric poteatial of the samplc does not chx.nge as the air pressum is lowered to E
Teservoir is !owered to a new hcxght 8 dlsl:lnoe'z below the u)p of the plam (Fig- X ) ' atmospheric. '
2.11). . . ‘ ' ' : : i #
" “ ol samples_ ‘ : _Prassurs chamber ' o
’/ ’ \ : ‘ i PuPag+sh U0 T
o F. : - - R Y=~ AP
- . Forous ceramic piste H E -
y / R o 1 ’ ) ) Porous ceramic
. : plate
|
| i
Frea watar suriaca '
Waler column ————— - ' PxPam
‘ — ] .
\Walerrh\ledlube !

Figure 2.12 Desaturation of soil water samples <o a desired energy staie with a pressuie

23
plate. . v

Figure 2.11 Desaturation of soil water samples to a desized energy state with a hanging
waler column. )




This method may be used up to air gauge pressures of about 15 bars if special
fine-pore ceramic plates are used. Since these devices have a very high flow resis-
lance, it may require a substantial amourt of time to temove the last smal] amount
of water from the soil. Thus, the time of equilibrium js difficult to estimate.

Equilibrafion over Salt Solutions (h < —-15,000 ¢m) By adding precalibrated
amounts of certain salts, the energy level of a reservoir of pure water may be
lowered to any specified lovel. If this reservoir is brought into contact with a moist
soil sample, water will flow from the sample to the reservoir. If the sample and
the reservoir are placed adjacent to each other in a closed chamber at constant
temperature, water will be exchanged through the vapor phase by evaporation from
the soil sample and condensation in the reservoir umtil equilibrum is reached.

Since the reservoir is a poo} of salt solution, at equilibrium the total potential
will be ¥y = ., of the solution. In the soil Yy = §_ ¥y since the mir-water
interface acts as a solute membrane. Thus ¥, = ¢, T ¥ the difference between
the solute potentials of the reseryoir and the soil. In practice, the soil will usualty
not be saline encugh for its solute potential to be significant compared to ¥, in
the range where these measurements are made.

The equilibration time for this method can be shortened by creating a partial
sacuum in the chamber =~ - el - _ . Care should be taken that the
sample and the reservoir are at the same temperature, because even small temper-
ature differences will cause the soil and salt solution to equilibrate at very different
potentials, " Tl o - e it L

Figure 2.13 show: cal matri¢ potential-Volumetric water content curves for
2 sandy soil and a finer textured soil fugh in clay measured from soil initially at

waler samuration. The water characteristic function for a soil desorbed from saty-
ration may be roughly divided into three regions, as shown in the figure. The air
entry region cormresponds to the region at saturztion where the matric potential
changes but thé waier content does not. The minimurm suction that must be applied
to 2 saturated soil to remove water from the largest pores is called the gir entry
suction, which varies from about 5.to 10 em for sands to much higher values in

unaggregated, fine-textured soils. . g )

After air begins 6 enter the system, incremental increases in siction on the soil
sample will drain progressively smallér pores, and the water content will drop.
This intermediate part of the curve is calléd the capillary region,

When essentially all of the water held in pores has been drained, only the tightly
bound water adsorbed to particle surfacts remains. Large changes in matric poten-
tials in this region, called the adsorption region, are associated with small changes
in water conlent.

The differcnces in the shapes of the water characteristic function for the pro-

otype sandy and clay soils in Fig. 2.13 may be expleined by considering the
properties of the bulk salid phases. The clay soil generally has a lower bulk density
and hence a higher water content at saturation. The clay soil has very few large
pores and a broad distribution of particle sizes. Hence, it decreases gradually in
water content with decreases in matric potential. The sandy soil, on the other hand,
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Figure 2.13  Matric potential

has much of its water held in large pores that drain at modest suctions, Hence it
pid decrease in water content in the capillary region. Finally,
very large surface area compared to the sand and will have a

will have a very rm
the clay soil has a

large amount of wates adsorbed to the surfaces.

—-water content function (water characteristic function).




2z Hysteresis in Water Content-Energy Relationships

Water content and the patential energy of soil water are not umqutlsly n.-.law_d Lt:e—
cause The potential encrgy stale is determinad by conditions at'thc air-water inl rt
faces and the nature of surface films rath_er n_un by the quantity of watef prese.l:h
in pores. Soil pores are highly variable in size and sha.pe and mtﬁ::nmclt wi iy
each other in a variety of ways. Common Lo porous media are so-calle bottlenec!

pores, which have large cavities butl narmow points of connection to adjacent pores.
Water is held most tenaciously in small pores, whacr! fil ﬁ_rsl whlcn water is ad-
mitted to a systern. Bul they do not atways empty again dunng drying in the same

ey were filied. .

ord;;:sf;:t:rs involved in hysteresis may be discussed most clearly by assuming
that the soil is initially compietely devoid of water and subsequently has no air

phase (just liquid watet and its vapor). If water is added at this point to the system, -

e ces £} first, followed by successively Larger and larger pores until all pores
;ﬂ;ﬂélllfdm::& ‘the matric potential is zero. At intermediate values of satunation,
with cnough water in ihe system so that vapor-water interfaces _unlemt.batwe;n
particles and in small pores, the culvare of such interfaces is givea by a.ﬂzé
where the pressure différence AP refers to the difference in pressur between
vapor and the liquid water. Water content and water potential in such l"ymm;l
will follow the wetting curve in Fig. 2. 14. Some small pores could be isola
during weiting, so that they might remain dry whille larger pores are filled. How-
éver, this would ot be the case at equilibrium in the abseace of air, mmué\. gruch s

Water contant

Matric potentiat

Micro drying curve

Figure 2.14 Wetiing and drying curves and scanning curves.
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vapor transfer would assure the wetting of all pores smail encugh to retain water
at a particular matric potential.

If the system is dried either by evaporating water or by bringing the soil into
contact with a dry, porous material that pulls water away from the system, poies

will begin to empty, generally from large to small. However, liquid water may -

now be trapped in large pores in such a way that they will not empty in the order |

that they filled. Water will be held in large pores until conditions are reached where
at least one interconnecting smaller pore can empty; at this time the larger pore
quickly empties. The sudden release of a relatively large amount of water from a
large pore floods surrounding pores and increases the matric potential in them
temporarily. If matric potential were monitored in a small porous system having
discrete differences in pore size, the matric potential-water content relationship for
drying might be saw-toothed, as indicated by the drying curve in Fig. 2.14.

In real soil systems, the pore size distribution contains many pores in all size
ranges, and the water content and potential distributions tend to average out so
that & smooth curve is obtained. However, the water content for'a given matric
potential is higher then for the weiting system, as is shown by the drying curve in
Fig. 2.14. This principle is illustrated by the pore-water system in Fig. 2.15a.
Here it may be observed that the curvature of the vapor-water interface in the
small pores 'of two identical systems can be in equilibrium with each other even
though their water contents are grossly different. The matric potential is deter-

- mined by the curvature of the liquid interface (2.5); which at equilibriom would

be precisely the same in the small pores connecting with the large pore in each

" case: This jdeal representation commonly is. called the “'ink bottle principle,’’
.which refers to the fact that an ink bottle has a small opening into & large cavity.
- - Large pores that are interconnected by smaller pores are not required for hys-

. - tezesis to occur. It is possible for a single pore to contain the same amount of water

at two different water potentials, as is shown i Pig. 2.15b. Water that condenses

" initially into such a capillary from & humid environment is shown by the diagonal
-cross-hatched area. However, as condensation proceeds, water at the center finally

conlesces and a concave meniscus is formed as a consequence of surface tension
forces {vextical cross-hatching). Whereas positive pressure existed in the system
befare coalescence, the system suddenly goes under negative pressure as a con-

-sequence of its new configurstion. In the example in Fig. 2.155, water in a cylin-

drical pore about 1 cim in length and 0.1 cm in radius would have a slight positive
potential of about 0.15 mbar immediately before coalescence and a potential of
—1.5 mbars immediately afterward.

Surface wetting can also induce hysteresis. Unless particle surfaces are metic-
ulously elean, they will form a nonzero contact angle with water when wetted (Fig.
2.15¢). This results in thicker films than would be present in the drying phase
where water films are drawn tightly over the surface Dy adsorptive forces.

Thus far the discussion of hysteresis has not invalved the presence of airin the -
system, which can introduce additional differences between water content at 2 given
matric potential during wetting and drying. As small pores and interstices between

particles fill with water, air may become entrapped in large pores. Continued water
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Figure 2,15 Disgrammatic wmd
hysteresis, I

entry into such pores will cause a buildup of air pressure. Since air is slightiy
soluble in water, pressures in such pores may gradually be relieved, which will
sometimes allow more complete pore filling. However, the order of filling and
access to pores will be infiuenced by entrapped air, so that warer content is still

permanently affected despite the fact that some air may go into solution apd dis--

appear. . -1 . .

In the absence of air, the Water potential-water content relationship for com-
plete wetting and complete drying will follow approximately the dashed Line~solid
line loop shown’in Fig. 2.14. Howéver, this loop is not exactly reproducible be-
cause of the inherent difficulty associated with repetition of the exact order of pore.
filling cver each cycle. When air is present in the system, the curves are offset
somewhat toward the dry side (solid curve, Fig, 2.14). If a soi} is completely
wetted 50 thal no air is present and then is dried, it will follow the dashed-solid
curve down; upon rewetting in the presence of air, it will follow the solid werting
curve and will not retum to the starting point because of the presence of entrapped
air. If the process is reversed at any time during wetting or drying, curves like
those in the interior (dotted curves) of the hysteretic envelope are produced. These
intenor curves have been called scanning curves, the curves thar form the hyster-
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etic envelope have been called characteristic curves or the soil moisture character-
istic - - The wetting curve of the hysteretic envelope 15 commonly
known as a sorption curve and the drying curve a desorption curve. Since air is
almost aiways present when such curves are produced experimentally, the solid
curves shown in Fig. 2,12 are obtained. However, some ambiguity exists, because
the starting point for many measurements is a wel and sometimes even puddled
sample in which the degree of air removal is unknown.

Hysteretic phenomena also exist in soil materials as a consequence of shrinking
and swelling, which can affect microscopic pore size geometry as well as overall
bulk density. Both factors would lead to a volumetric water content for a given
energy state that differs from that which would exist if the soil matrix remained

fixed. Shrinking and swelling often take place slowly and usually irreversibly,

particularly when organic metter is involved; this complicates the evaluation of
their: contribution to hysteresis, Experimental observations do net always reveal
that measuremants involve true hysteresis and permanent or sermipermanent changes
in the porous system.-
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