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PART 1

I

SOIL WATER POTENTIAL

TENSIOMETER

I .  SOIL WATER POTENTIAL

1. Introduction.

Scil 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 coarse textured soil to a fine textured

soil.

One needs to define a property that will heip to explain this

observation.

Perhaps the following analogy will help. Heat content
(analogous to soil water content) is a property of a material that is
useful for many purposes. It will not, however, tell us directly whether
heat will flow. Therefore a heat intensity term, temperature, has been
defined which permits to determine the direction of heat flow. The soil
water term that is analogous to temperature (i.e. the intensity with which
the water is in the so0il) is called the scil water potential. Water

potential is a much more complicated property than temperature.

2. Energy state of soil water.

Scil water, like other bodies in nature, can contain energy in
different quantities and forms. Classical physies recognizes two principal
forms of energy, Kinetic and potential. Since the movement of water in the
soil is quite slow, its kinetjc 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 internal condition,
is of primary importance in determining the state and movement. of water in

the soil,



The potential energy of soil water varies over a very wide
range. Differences in potential 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 to move from
where the potential energy is higher to where it is lower and to
equilibrate with its surroundings. In the soil, water moves censtantly in
the direction of decreasing potential energy until equilibrium, definable

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

The rate of decrease of potential energy with distance is in
fact the moving furce causing flow. A knowledge of the relative potential
energy state of soil water at each peoint within the soil can allow us to
evaluate the forces acting on soil water in all directions, and to
determine how far the water in a soil system is from eguilibrium. This is
analogous to the well-known fact that an object will tend to fall
spontaneously from a higher to a lower elevation, but that lifting it
requires work. Since potential energy is a measure to the amount of work a
body can perform by virtue of the energy stored in it, knowing the
potential energy state of water in the soil and in the plant growing 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 potential energy
weontained" in the water which is important in itself, but rather tke
relative level of that energy in different regions within the soil. The
concept of soil-water potential is a criteriom, 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 elevatioen.

It is the conventicn to assign te free and pure liquid water a

potential value of zero.

Since the elevation of this hypothetical reservoir can be set
at wil), it follows thal the potential which is determined by comparison
with this standard is not absolute, but by employing even so arbitrary a
criterion we can determine the relative magnitude of the specific potential

energy of water at different locations or times within 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 soil physics and which
purported to recognize and classify different forms of soil water: e.g.

gravitaticnal water, capillary water, hygroscopic water.

New definition by the soil 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} t¢ the soil water at the point under

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

If work is reguired 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. Such forces result
from the attraction of the solid matrix for water, as well as from tho
presence of dissclved salts and the action 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:

gt S
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Figure 1. Potential of soil water, water in plant cell and water in the

atmosphere.

wt:1|g+wo +tm4ve'p+ e

= total soil water potential

where: vy
¥ = gravitational potential
i = gsmotic potential
¢m = matric potential
wp p = external gas pressure potential

The dots signify that additicnal terms are theoretically

possible,

The main advantage of the total potential concept is that it
provides a unified measure by which the state of water can be evaluated at

any Lime and every where within the soil-plant-atmosphere system,

3. Quantitative expression of soil water potential.

The dimensions of the soi! water poteniial are those of energy
per unit quantity 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_]

This method of expression iz not widely used,

b. Energy per unit volume of water {pressure).

This is the most common method of expressing potential and ean be
written with units of either Pascal or bar or atmosphere
Joule m™> or N 2 {Pa)

c. Energy per unit weight of water (head).

This method of expressing potential is zlsoc common and has units of
length.

Joute N1 - wm n7Y m

For conversion from one unit to another knows that:

- 1 bar corresponds to 100 J kg_]

- 1 bar = ]O5 Pa

- 1 bar corresponds to 10 m water head

4, Gravitational potential,

Every body on the earth's surfuce is attracted towards the
center of the earth by a gravitatienal force equal to the weight of the
body, that weight being the product of the body's mass by the gravitational
acceleration., To rise a body against this attraction, work must be
expended and this work is stored by the rised bady in the form of
gravitational petential enerpy. The amount of this energy depends on the

body's position in the gravitational force “jeld.



(*)

Conversion table for units of soil water potential

tial

wWe:pght pnten

¥olumetric pntential

Sperific pntential

units

units

units

atmosphere

millibar

bar

Jnule/kg

-2

0.001017 x 1C

~ 0.000000987

- 0.1

- 0.001

- 0.00000]

- €.0001

-2

1C.17 x 1C

- 0Q.00987

- 103

10

- 0.01

10.17

- 0.887

- 105

- 1000

100

- 1.017 x 167¢

-~ 0,000987

- 102

- 0.00]

- 10.30

- 1013 - 1.013 x 105

1,013

.3

1¢1

10

- 0.0009703

- 98.33

- 0.0009833 ~ 0.9833

3

- 0.0983

(*}) The density nT water was taken as 1.000 g/nma. This holds only at 4 °C but is approximately carrect

at other temperatures.

The gravitational potential of spil water at each point is
determined by the e]évation of the point relative to some arbitrary
reference level. If the point in questicn is above the reference, vg is
paositive; if the point in question is below the reference, vg }5 negative.
Thus the gravitational potential is independent of soil properties. It
depends onity on the vertical distance between the reference and the point

in question.

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

the gravitatinnal peotential of a mass M of water, occupying a volume V is:

-Mgz=- lb V gz

where l& is the density of water and g the acceleration of gravity.

Gravitational potential can be expressed:

~ per upit mass: qh = -gz (J kg'l)
= per unit volume: 'Ugv = vg SR, BT, 82 {Pa)
- per unit weight: ¢ = /g = - z (m)

P ght: ¢, = v /g

S. Osmotic potential.

The osmotic potential is attributable to the presence of
solutes in the s0il water. The solutes lower the potential energy of the
s0il water. Indeed, the Tact that water mnliecules move through a
semi-permeable membrane from the pure free water into a solution (osmosis}
indicates that the presence of solutes reduces the potential energy of the
water an the solution side (figure 2). At equilibrium sufficient water has
passed through the membrane ta bring abnut significant difference in the
heights of ligquid., The difference {(z) in the levels represents the osmotic

potential.

Since the osmotic potential of pure free water is zero the
osmotic pntential of a solution at the same temperature of free water is
negative {water flow occurs from point of high potential to one with lower

potentiall).

R S

i



esmotye

potential

pure water
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Figure 2. Schematic presentation of osmosis.

Differences in osmotic potential only play a rale in causing
movement of water when there is an effective barrier for salt maovement,
between the twn locations at which the difference in dg was observed.
Otherwise, the concentration of salts will bacome the same thraughout the
profiles by the process of diffusion and the difference in qD will no
longer exist. Therefore osmotic potential does not act as a driving force
in water flux. This petential is of importance in water movement inte and
through plant roots, in which there are layers of cells which exhibit

different permeabilities to solvent and solute.

6. Matric potential (*).

Matric potential results from forces associated with the
cotloidal matric and includes farces assaciated with adsorption and
capillarity. These forces attract and bind water in the 5011 and lower its
potential energy below that of bulk water, The capillarity results from
the surfare tensinn of water and its rcontact angle with the solid
particles., In an unsaturated (three—phase} snijl system, curved menisci

form which abey the equation of capillarity

1 1
- p = B — —_—
Pa Pi LP Y (R L )
1 2
(*) Matrie potantial and the farmer term matrice suction are numericaliy
syual - when expressed in the same units — byt excapt for the sign.

- 8 -

where Pu is the atmnspheric pfessure, conventionally taken as Zero; Pi the
pressure of soil water, which can be smaller than atmospheric; 4P is Lthe
pressure deficit; y the surface tension of water and H] and H2 are the
principal radii of curvature of a point an the meniscus, and taken as

negative when the meniscus is concave.

AS we assume the E0il pores to have a cylindrical shapo (figure

3) the meniscus has the same curvature in all directinns and equation above

becomes :
2y
-~ P, = =
i aF R
since:
- r
R = “osn (e = 0; angle of contact between water
and the soil particle surface)
- Pi = AP = - with AP equals h Py B

where: h = height of capillary rise

4 = density of water

g = acceleration of gravity

t = radius of the capillary tube

if the 50il were like a simple bundle or capillary tubes, the

equations at capillarity might be themselves suffice to describe the
relation of the negalive pressure potential ar matric potential to the
radii of the soil peres in which the menisei are contained. However, inp
addition tn the capillary phenomenon, the 801l alsn exhibits adsorption,
which forms hydration envelopes, over the particle surfaces. These two

mechanisms of soil water interaction are iilustrated in figure 4.

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

capillary =<fect predominates.
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Fiqure 4 : Water in an unsaturated soil is subject
to capillarity and adsorption, which
combine to produce a matric potential
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In general, however, the matric potential results from the
combined effect of the two mechanisms, which cannot easily be separated
since the capillary Ywedges" are at a state of internal equilibrium with
the adserption "films” and the ones cannot be changed without affecting the
others. Hence matric potential denotes the total effect resulting from the
affinity of the water of the whole matric of the soil, including its pores

and particle surfaces together.

The matric petential can be expressed:

- per unit mass:

2y -1
v, ="gh-= T (4 kg ™)
- per unit volume:
- __p. ==& ‘
Yo Py T pgh=-P-= " (Pa}
- per unit weight:
1 -2
b :=-h="1— (m)
n g . B, BT

The matric potential is a 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 a
free water surface is at a pesitive pressure potential (hydrostatic
pressure potential vh}, while water at such a surface is at zero 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 potential.

Sinee soil water may exhibit either of the two potentials, but
not bath simultanenusly, the matric and the nydrostatic pressure potential

are referred to as the pressure potential (Vp).

e SRR
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Nevertheless it is an advantage in unifying the matriec
potential and hydrostatic pressure potential in that this unified concept
allows nne tn consider the entire profile in the field in terms of a singla
1

continuous potential, extending from the saturated zone inte the

unsaturated zone, below and above the water table.

7. External gas pressure potential.

& factor which may affect the pressure of snil water is a
paossible 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
atmespheric {reference) pressure is generally alseo included in the pressure
potential so that:

L ¢m + vh + ¥

B e.p

Accordingly the total potentiai being:

characterizes fully the state of water in soil under the prevailing
cenditions; the gradients of these three parameters are the basis for

transport theary.

8. derqglip head.

The totai patential is obtained by combining the relevant
compenent, potentials:
R
Equilibrium, which is defined as the situation where mass
transfer of water in the liquid phase is absent, is obtained when the value
of the total potential at different points in the system is constant.
Usually, sufficient conditioq is that the sum of the component potentialsg,

wn being ignored, is constant. The equilibrium condition states then that:
v+ vp = constant = vH {1)
calied hydraulic Potentiai.

As already stated, the external 885 pressure or pneumatic
potential in the field may be assumed to be 2ero.  Also the soil water
within a profile may exhibit either matric or hydrostatic pressure
potential {figure 3) but not simultaneously. Therefore it is an advantage
in unifying both in a singie continuous potential extending from the
saturated region inte the unsaturated region below and above the water
table,

As 1t is often usual to designate the potential in terms of

head, equation (1) becomes :

where: h = the soi] water pressure head (m)
>0 under the water table (saturated zape)
<0 above the water table {unsaturated zone)
Z = the gravitational head (m)

H - the hydraulic head{m)



The Jefinition is very tmportant because the hydraulic gradient

between lwo points under consideration in a soil is the driving force for

water movement.

ln figure 5 the condition is applied to a vertical soil column E X A M P L E B

in eyuilibrium with a water table. No water movement accurs in the column.

S 0 1 L W A T E R
The water table is Laken as the reference level for the gravitational PO T E N T I A LS

potential.

Under the water table matric potential equals zero, but a S rossiSSSSooRESSSERESSSSSRRESSESES

pressure potential called hydrostatic pressure potential occurs which can

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

waH)

Source:

"APPLIED S0IL PHYSICS?"

L

\ by R.J. Hanks and G.L. Ashcroft
) putertral
a4 a0 —af'\ 10 | T -
mmremm1;
mo.otare coftent ' : N
: Advanced Series in Agricultural Sciences B

ground water level 01 | v LE

reference lével

Springer - Verlag Berlin 1980

Figure 5. Eguilibriunm condition in a seil column.

height{cm} ¢g {z,cm) ¢m {h,cm} wh (h,cm) wH {(H,cm)
30 30 - 30 8] 8]
20 20 - 20 o 0]
10 10 - 10 o] 0
o reference o o o 0
level
- 10 - 10 o} 10 8}
- 20 - 20 o) 20 8]
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A. Calculation of the pravitational potential.

EXAMPLE

Given: 1. Two points in a soil profile:

A I DENDUM: EXAMPLES - Point A is located 50 ¢m vertically above the reference level

- Point B is located 20 em vertically under the reference level
2. Two points in a soil profile:
- Point A is located 30 cm above the reference level

- Point B is located 40 c¢m under the reference level

Questions: 1. Give a schematic design of the locations of the peints for
the two different situations
2. caleculate the difference in gravitational potential

{per unit weight of water) between A and B for the two

cases
Case 1 Case 2
E
4
A
50 ™
30 cm
4 reference level ——. ___ -
L
20 co
o 40 cm
M
B
a T. -
L 50 om 2z, = 30 em
ZB = = J0 cm ZH = - 40 em
Az - 50 em - {- 20 cm) . 70 cwm hz - 30 cm - (- 40 em) - 70 em



'''' EXAMPLE 2.

EXAMPLE 1.
— Soil profile in which the liguid phase {water) is in

equilibrium with a water table at a depth of 70 em. The referance level is

501l profile in which the liquid phase (water} is in .
chosen at the soil surface.

equilibrium with & water table at a depth of 70 cm. The reference level is

chosen at the water table.,
Find: Values of Vg. 'Pm, #h and “H until depth z = 110 cm.

Find: Values of g, , v and ¢, until depth z = 110 cm.
—_— 2 pm h H P Sclution:

Salution:

Depth v v v, vy Depth Ve Y Yh ¥4
{cm) {z,cm) {h,cm} (h,cm) {H,cm) (cm) (z,em) (h,cm) (h,em) (H,em)
o] 70 - 70 &) o] 4] 0 ~ 70 [¢] - 70
10 f..wO - 60 4] 0 10 - 10- - 60 0 - 70
20 50 - 50 4] 8] C 20 - 20 - 50 4] - 70 c
3¢ a0 - 40 o o] 0 30 - 30 - 40 9] - 7 o]
40 30 - 30 o] 0 N 40 - 40 - 30 4] - 70 N
50 20 - 20 0 0 5 50 - 50 - 20 t] - 70 5
60 10 - 10 0 & T 60 - 60 - 10 0 - 70 T
70 o 0 4] 4] A 70 - 70 0 o - 70 A
80 - }0 o] 10 QO N 80 ~ 80 o] 10 - 70 N
90 - 20 o] 20 0 T 90 - 90 4] 20 - 70 T
100 - 30 0 30 ¢} 100 - 100 4] 30 -
110 - 40 0 40 0 110 - 110 o} a0 - 70
peiential o)
-§T -30 =20 © 20 40 &0 BO
° \\. N s .I 4 B petertial lem)
vr . K -100 -E0-53 -40 20 O 20 40
0 A | / o i |‘ Ak —— i yeference level
S ! N .
40 .. | / 200 . . -/“n
60 \\:l/ vatertable 40 ‘I‘ _/\ )
P /41\\\ reference level o | / N
. «e ~
100! / I "\!. _aoﬂg_. _._./F_ —_— ._..\ water table
¥y ~ /l i "
1200 100 . .
. i N
depth tzxd 120/ A N
140
- 3 - depth (cm)

e



C. Water potentials for non-equilibrium conditions.

We will now look at water potentials throughout the profile of
Liquid water flows as a result of a

hydraulic potential gradient; thus ¢ will vary throughout the parts of the
Measurements with tensiometers must be

a soil in which water is flowing.

50il in which flow is esccuring.

taken to obtain exact values of‘wm.

EXAMPLE 1.

Water evaporates at the soil surface.

40 cm belnw snil surface. The reference level is at the soil surface.

Find: Values of ¥

100 cm.

Draw the potential diagram.

Selution.

Water table is lecated

v ¥, b and ¥, from the soil surface to a depth of
Ingorder to find ', measured values of wm must be available.

Depth g Yo ¥ Yy
{cm) (z,cm) (h,cm) (h,cm) {H,em)
"measured"”

o 0 - 100 0 - 100
10 10 - 45 0 - 55
20 20 - 26 o] - 46
30 30 - 12 o] - 42
a0 a0 o] o] - a0
50 50 0 10 - 40
60 60 o} 20 ~ 40
70 70 o} 30 - 40
80 80 0 40 - 40
90 30 0 50 -~ 40

100 - 100 ] 60 - 40

potential (cr)
-80 -60 ~40 -20 0 2D 40 60

o z . " " s reference level
o Sm /
e e
47
Y S /_ Mee— . water table
.l ~
€ v S
" N
e A N N
i T N
1oy M N
H . .
VIWAERD FLLUX
I

EXAMPLE 2

of A0 cm below the soil) surface.

Find: Values of ‘E' ¥

In that case water is flowing into a drain locaied at a depth

measured,

Solution:

The latter being the reference level.

'’ #h and wH up to a depth of 100 cm. wm values are

Depth

=3 m h H
(em) (g,cm) (h,cm) (h,cm) (H,em)
0 o) - 20 o] 20 [
10 - 10 - 15 0 25 A F
20 - 20 - 10 0 30 T L
30 - 30 -5 o} 35 E s}
40 - 40 0 0 ——— 40 R w
50 - 50 o] He a0
60 ~ 60 o] 20 40 5
70 - 70 0 30 40 C T
80 - 8BO 0 40 a0 Q T
90 - 90 0 50 40 N N
100 - 100 [¢] 60 40 T
potential (cr)
-100 -80 -60 -40 26 © 10 40 6D reference Tevel
/. ‘
20 [/' \\m“_
40 b — — —_— '_\,ﬁ _ — .____water tatle
~
60 ] N
N
B0 _/(: » AN
100 4 J Y
H DOWEWARD FLUX
120
depth (cm)



EXAMPLE 3.

A noil was initially very dry. It received rain that wet the
soil from the surface dewnwards. After a few days, the surface dries out
and water moved upwards in response {o the evaporation. At lowerd depths,
however, the soil water moved downwards into the soil that had nnt been
wetted by the roin. Soil surface is the reference level.

Find: Values of &, ¢ . ¥ and Ny throughout the profile to a depth of
- =4

h
100 om using measured values of #m.

Depth Yy ¥n Vi Wy

{em) {z,cm) (h,cm) {h,cm) {H,cm}
10 - 10 - 448 o - 458
3¢ - 30 - 245 0 - 275
50 - 50 - 155 0 - 205
70 - 70 - 132 o ~ 202
90 - 90 - 116 4] - 206
1310 -~ 110 - 132 0 - 242

potentlal (cm)
=505 - &00 =300 - 200 -iC0 0
- / reference level
v

iz = e i tg
iy T / L‘:_’:"-'ﬂl’d
e T~ - J flux
~
— — iy e s o —
39 'l ' no flux

downward
J
100 // '7/ Flux
f

120 Mt i

depth (om}

I11. TENSILOMETER

1. Hydrostatic pressure potential - Piezometer.

As discussed earlier the hydrostatic (positive) pressure
potential Yy under field conditions applies to saturated secils and is

measured with a piezometer (figure 6).

& piezometer is a tube of a few cm inner diameter, open at both
ends, which is installed in ; soil profile. If the lower end is below the
groundwater table, a piezometer is partially filled with water. By
determining the height of the water level in a piezometer it is pnssible to
calculate the (pnsitive)} hydrostatic pressure potential of the soil water
at the lower end of the tube. The diameter of piezometers is chosen large
enough that capillary rise and resistance to water flow are negligible, 4s
a result, any variatien in hydraulic potential that may arise inside the
piezometer, is instantaneously equalized. Thus, even if the hydrostatic
pressure pntential at the lower end is changing rapidly, the water inside a
piezometer goes through a series of static equilibria and at any moment it
can be assumed that the hydraulic head is uniform and equal to the
rydraulic head of the s0il water at the open lower end. There exchange of
water takes place such that the pressure is always locally uniform. ‘rhe
static hydraulic head in piezometers can be determined by measuring the
depth of the water level, since at the flat air-water interface the

pressure potential is zern.

-:7777~7—7r77- s0il surface

0.5 m

"T — —_:‘..l‘ — ground water level

i
N1

0.3 m

v

A

Figure 6. A piezometer in a snil profile.
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Figure 6 shows a piezometer in a soil profile in which the
water is at static equilibfium. The reference point z = 0 is taken at the
sn0il surface. In the piezomeler at the water level H= h + z = O — 0,5m =
- 0,5 m. Thus at point A, H must also be - 0,5m(H="h + 2z =
0,30 m - 0,80m - - §,5 m),

The hydrostatic pressure pntential expressed per unit weight of
water at any point in the s0il under the water table is the distance

between the point and the water lavel 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 af the

depth nof the lower end.

2. Matric potential - Tensiometer.

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

potential can be measured with the so-called tensiometer,

The tensinmeter consists of a liguid filied porous cup, mostly
of ceramic material and connected to a pressure measuring device such as a

mercury manometer or vacuum gauge via a liquid-filied tube (Figure 7}.

GAUGE T
MEASLRE TENSHON

S01L LEVEL

CHCLED WITH
WATER

PO JUS END T, T4
- Wk I WATEA CAN 1Dy

Figure 7. Tensiometers with a vacuunm gauge.
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If the ceramic cup is embedded in 8011, the soil solution can
flow into or out of the tensiometer through the very small pares in ihe
ceramic cup. Analogously te the situation discussed for piezometer, this
flow continues until the {negative) pressure potential of the liquid in the
cup has become equal to the (negative) pressure potential of the snil water
around the cup. Thus the {negative) pressure potential called matric
potential 1& of soil 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 8), the
water inside the cup ecomes into hydraulie contact with the water in the
reservoir through the water-filled small peres in the ceramic walls. The
water level in the tube will indicate the level of the water in the

reservoir,

watef— —= |

[~ porous cup

Figure B. Porous cup connected with a piezometer tube for measuring

pressure potentials under the water table,

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

the middle of the pareus cup and the pressure PA equals;:

pA = ﬂw g h

where; pw = density of water

B = acceleration due ta gravity



if we place now Lhe porous cup, connected with a U-shape water
Filled tube in a soil than the bulk water inside the cup will come in
hydraulic contact with the liguid phase in the soil. When initially placed
in the soil, the water in the tensinmeter is at atmospheric pressure. GSoil
water in unsaturated soil 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 a drop in the water level at the open end of
the U-tube (figure 9),

sl surlace
L VN

— -—m:ﬂ’;_‘_’;— porous cup

1 —waler

Figure 9. Tensiometer for measuring pressure potentials in soils.

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 intn") the soil in figure 9 is

therefore an jindex of the magnitude of the potential, or:

PA=—pwgh

45 h is measured downwards the minus sign is intreoduced so that

FA gives a2 negative pressure.

This type of tensiometer is very simple and useful to
illustrate the basic principles involved, Practical applicatinns often do
nnt allow the use of the water manometer because the U-tube extends belnw
the level of the tensiomster cup and measurements thus requires
inconvenient, deep pits. Therefore open manometers, filied with immisecible
liguids of different densities such as mercury are used so that these
problems do not arise (figure 10),
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Figure 10. Tensiometer with mercury manometer.

Using mercury implies that a relatively short height indicated
a relatively large pressure difference in the mancmeter (1 cm of mercury
corresponds to 13.55 e¢m of water). Besides the simple water or mercury

manometer a vacuum gauge or an electrical transducer is alsc 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 ca) and
z the vertical axis. At the interface water-mercury in the manometer, the
pressure is the same in water and in mercury (being PB}. The repartition
o7 the pressure is hydrostatic in the water column between point B and the
tensinmeter cup (point A), but alsn between point B and the free surface of

the mercury in the reservoir (point C).

water

B—y—
| X
e c fersnca ] ]
A
‘ mercury
Ya —re

Figure 11, Tensiometer installation with the mercury level in the
reservoir at the soil surface being the reference level.
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Using Lhe hydrostatic law for liguids in equilibrium one
J24

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

z + P/pg = constant

where: z = gravitational head,

P/pg pressure head.

From figure 11 one obtains:

- in water:

Because soil surface is taken as reference level for the

gravitational potential, and point A is lecated below that level, the

gravitational head is negative (- zA}.

PA - zADwg = PB + zanwg

PA = PE * zyng v Z,p R = PE + pwg(zA + 2z
- in mercury:

2 . pB pC
= Z +
C
B pHg £ ng g
because: z_ = O reference level

C
PC = atmospheric pressure - 0

the eguation beromes;

(]

(2)

in {1) gives;

P -p g z
1
DA _-—ng I‘«?J,‘*ZB (3)
w B w E '
Since: = 13600 kgm o
nee: g £
-3
o=
" 1000 kg m
(3) becomes:
hA = - 13.6 Ty ot T, ot ZB

-

[

1
"
n
ey}
[
+
N

A A (4}

Normally the free surface of the mercury in the reservoir

(point €} is located y cm above the soil surface {reference ievel)

[Tigure 12).

Figure 12.

Equation {4) becomes:

hA=—1E.6x+y+zA (s)

T, iﬂ?mwrmmr refeience  level

Tensinmeter installation with the mercury reserveir y om

above sn0il surface.



The hydraulic head H, being the sum of the pressure head b oand

the pravitational head z, (H = h + z), becomes;
H= 126 x+y+2, + (-ZA)
H=-12.6 x +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 ievel of the mercury reservoir is lecated

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

Calculate: - spil water pressure head h

- hydraulic head H

Salution:

h=1(-12.6 x 0.31 + 0,4 « 0.3) m =~ 3.20m

H=(-12.6 x 0.31 + 0.4) m = - 3,50 m

5. Some characteristics of the tensiometer.

- cup conductance:

ay
At ah

K =
3

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

pressure difference per unit time {m3 s_1 Pa_])

- sensitivity of the manomeier:

ah
5= av
being the change in manometer reading per unit volume change of water
%)

(Pa m

- response time of the system:

1
Tx = %S

is a measure of 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 tensinmeter should be continuous throughout
the system to allow a correct transfer of pressure from the sail to the
mercury. Occurence of gas bubbles disrupts this continuity and makes the
system inoperative. The fine porous cup has the function of not allowing
penetration of air Trom the unsaturated soil into the water-filled
tensiometer tube, evenlthnugh water can and should move through it. The
fine pores inside the wall of the ceramic cup have a high air-entry value
which is the pressure needed to remove the water from the pores in the cup
replacing it by air. Even with a high air entry value breakdown of the
system occurs due to entrapped air within the tensiometer tube ar to air

comipg out of snlution at reduced pressure.

Pue to the fact that the manometer measures a partial vacuum
relative to the external atmospheric pressure, measurements by tensiometry
are generally limited to about - 850 em of water. Use of tensicmeters in
the field is therefore only possibie when pressures dno not fall below this
value. However, the limited range nf pressure measurable by the
tensiometers is not as secious o3 o Ly seen at first sight. In many
agricultural snils 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 Z and pF
4.2, is covered by the tepsiometer depends on the shape of the moisture

characteristic curve (pF-curve) as shown for three soil types in figure 13,

e
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Figure 13. Part of the available moisture range covered by tensiometers,
' depending on soil type

1. Sand 50 % of avaitable meoisture

2. Loam 75 % of available moisture

3. Clay 25 % of available moisture

Thus where snil management (particularly in irrigation) is
aimed at maintaining high pressure potential conditinns 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. Tensinmeters are also sensitive to
temperature gradients between their various parts. Hence the abnve-ground
parts should preferably be shielded from direct exposure to the sun.
Therefore it is alsn 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 geood contact be made between the perous cup and the
surrounding soil. Generally the porous cup is pushed intno 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 vary fine sand into

which the teusiometer ran be placed.

With mercury manometers, aven when small diameter nylon tubing
{+/- ? mn} is used, often a considerable volume of water musi be adsorbed
by the soil (during water uptake or drying process) or by the poreus cup
(replenishing by rainfall or irrigation) befare the potential that really
exists can be read off correctly. A very convenienlt modern device, the
electronic transducer can be used which reacts to very small changes in
pressure and converts these changes in a small electrical current which can
be registered and amplified by a voltmeter. This system is very accurate
but also very sensitive to the nccurence of small air bubbles in the

tensiometer system. Moreover is it rather expensive,

Since the porous. cup walls of the tensiometer are permeable to
both water and snlutes, the water inside the tensiometer tends to assume
the same solute composition and concentration as sotl water, and the

instrument dres 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.



EXAMPLES

1. Detarmination 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
analysis of water flow in soils, since all flow is a consequence of
patential gradients. Darcy's law, though ariginally conceived for
saturated flow enly, was extended to unsaturated fiow, with the provision

that the conductivity is a function of seoil water content 8.

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

be written as follows:

gH
g = - K(8) =

where: g = flux
K(8) = hydraulic conductivity
H = hydraulic head
= h + z with h = soil water pressure head

z = gravitatinonal head

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

the direction of decreasing potential. This means also that if we have two

tensiometers lncated at depths z, and z, (z1 < 22):

1

- q will be negative (upward flow - evaparation) if H2 > HL: the rise of
mercury in manometer n® 2 is lower than in manometer n® 1

- qwill be positive (downward flow - percolation) if H2 < H]; the
oppnsite situation is cbserved

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

H(z) will show a maximum or the rise of the mercury a minimum because

dii/dz = 0. A graphical example is presented in figure 14.
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- Numerical example.

Reference level being the soil surface.

tensinmeter 2, - 50 cm x = 10.7 cm ¥ = 20 cm
tensinmeter z, = 75 cm x = 13.8 am Yy = 20 cm
H1 2 =126 x +y = -1.05m
H2 = 12.6 x 4+ y = ~ 1,54 m

In this situation downward flow occurs since flow is tnwards

the position with the lowest water pntential,

2. Flux contral 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 capiliary rise. Therefore
only 2 tensiometers are needed with a depth distance of say 25 em in the
control zone. A simple reading of the rise of mercury in the manometer
will indicate the Ilow direction.

Knowing the moisture content 8 at the depth between z, and 22'
the K{8) relation of that snil and the hydraulic head gradient dH/dz, one

can calculate the instantaneocus water flow ¢ (see equation 7).

3. Determination of the soil water characteristic curve {(or retentivity

curve).

The h-p relation {retentivity curve} of a sail layer in situ

can be established:

- knowing the s0il water pressure head (h) using tensiometers (see
equation 5)

- knowing the soil water content (6) using the neutron moisture meter,

- 8 -

4. Schedulipg irrigation.

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

the quantity of water present as it does on the water potential.

Water should be applied to the snil when the matric potential
1s s5till high enough that the soil can and does supply water fast ennugh 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 (0 to - BJ0 cm water) it is usually in this range

that plants should be irrigated.

From practical point of view tensinmeters are installed at
minimum 2 locations. One unit should be placed in the zane of maximum root

activity and another near the bottom of the active rootzone,

The time to irrigate is determined by following the matric
potential readings in the zone of rre greatest root activity. The exzet
value of the matric potential at which water should be applied is net the
same for every crop. A good appraximation of that matric potential is
available for many common craps (table 1), For most crops it is time to
irrigate when the top tensinmeter reads - 300 to - 500 cm water and the

bottom tensiometer begins to indicate drying.



Table 1.

Matric potential zt which water should be applied for max imum
yields of various crops grown in deep, well-drained soil that is
fertilized and otherwise managed for maximum preduction. Where
twn values are given, the higher value is used when evaporative
demand is high and the lower value when it is low; intermediate
values are used when the atmospheric demand for evapotrans-
piration is intermediate. (The values are subject to revision as
additional experimental data become available).

(TAYLOR and ASHCRIFT, 1972).

Equicalent
Marric potential  matnic sucition
Crop « joules, kq) iceruibars) Reference
Yegerative crops
Alluifa -5 14 5. A Taylor
Beans 1snap and lima:  ~"5.w0 =200 15 w0 200 Vicam et sl 01963
Cabbage -80w -0 &0 Vivnam er al 11961 and Pew
11 i
Cinning peas -=Xw =X 3010 50 § A Tayior
Celery -0t ~X0 20 10 30 AW, Matsh.t and Marsh 1 i961)
Grass - -0 00100 Vissar 1195%;
Lettuce =)o -60 00 & A, W Marh. Vissar 1959, and
Pew 1956
Tobscco -30w -#0 oo 30 lones ¢ ol « 19601
Sugar cane
Tensiometer =50 -50 1310 30 Waterhouse ¢1 al. 19547
Blocks -100w =W 10010 200 Robnson 119631
Sweet com -~ 100 010100 5. A, Taylor.! and Vittam et al.
115631
Turigrass ~2i0 - M Mo 36 Morgan 1960
Root crops
Onons
Early growtn w1fp =52 1510 35 Pew 1952
Buibing time -4 w0 -65 150 43 Pew - 1910
Sughr beets -0 to ~ &0 0 to &) 5 A, Tayior
Potatoss -y K Nl S. A Tavior, Viam e1 2!, 1i$63i
) and Pow 19500
Carrous ~5510 ~45 351065 Pew i 9am*
Broceoli
Early «23to - 48 4410 88 Pew 119589
Affter budding -dlio -0 W10 Pew (195"
Caulifiower - -0 RNt "0 Paw 11958
Frui crops
Lemons -0 0 AW Maesh?
Oranges =200 ~ 100 0 1o (00 Swoizy et 3i - 19431
Deaduous fruin -%w -3 2o 30 4. W Marsn. ana Visssr 1959
Avpcadoes -5 50 Richards et al. (9620
Grapes
Eacly sedson 20t =3 o 0 AW Marsh?
Duning macury < - il0 » 100 AW Marsh?
Straw pernies -0w -0 0w i AW Marsh,t aaé Sarn - 1340
Canuloupt -ifwe -2 %1040 Mafya - 19410 and Pew 1358

Table 1 (cond.)

Egquivalent
Matric porential  mairic suciion .
Crop 1 joules kg {centibars) Reference
3010 -150 w150 Vitam et ol 11950." and Viam
Tomatoes et sl 11963}
Bananas ~3w-1%0 Wil Schmenli {19531
Grain crops
Corn )
Vegeratine period - 350 50 S A Taylor
Dunag npening ~30010 1200 #0010 1200 S A Taylers'
Senall grains
Vegeiative period =400 =30 Wio 50 S. A. Taylor*
Duriag ripening —50010 ~1200 80010 1200 5 A Taylor
Seed cropih
Allalls
Prior 1o bloom - 00 w00 Taytor et al. 51930
Dunng bleom ~a00 1w —- 300 400 v BOO Taylor ¢t 4l {1959}
Dunng npening ~$0010 1500 300t 1300 Tayloret sl 1195
Carroly
During s¢ed year
::uarl\)r::'m dcp:h ~30010 —600 40010 600 Hawthorn 119519
Onions
i ed
3"1";': :pu{m ~ 40010 —60p 400 10 600 Hawthorn L1951F
ac 15 o depth -150 1% Hawihorn (19318
Lettuce
EI:‘:;: §productive - 300 X Hawthorn ¢t al. 119367
Codee Requires shocy periods of low

solenlial 10 preak bud dormancy.

follpwed by high water potenual

Alvin 11960
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