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INTRODUCTION

Water is one of the most important input required in agricultural

production. The water requirement for plant growth is met from soil water

stored in the plant root zone. In high rainfall areas and temperete regions,

soil water is continously replenished with rainfall and is therefore not a

major constraint in agricultural production. However, in arid and semiarid

regions, or areas of low and erratic rainfall which comprise one third of the

global land area, water scarcity is the major constraint to increased crop

yields. Therefore under the conditions of highly variable climotological

environment and chronically deficient rainfall of the arid zones, sustainable

food security can not be obtained if the agricultural practices do not address

effective use of the most precious and yet uncertain resource, water.

Irrigation is one of the means available for maintaining optimum levels of

soil water in the plant root zone. Although only 20 % of all cultivated land

in the world is under irrigation, it provides nearly 40 % of all crop output.

Therefore investments for irrigation receive top priority. For example, in

the Soviet Union about 1 million hectares of newly irrigated land area have

been developed each year. In Hungary, irrigated areas increased ten fold

since World War II. In the US they have more than doubled in the last 10

years. However it has become a matter of serious concern in recent years that,

despite their high cost (US$2000 - 10000/ha), the performance of many

irrigation projects have not been fully attained. As a result of inadequate

water management both at farm and system level, much less area was often

irrigated than actually planned, and therefore crop production increase was

below the project targets. Low irrigation efficiencies and excess water

application in the fields compounded with seepage of water along the irriga-

tion networks caused rising of ground water table, which in turn, triggered

soil salinity problem in irrigated areas. Conversely, in many parts of the

world, irrigation is not available either because of scarcity of irrigation

water resources or economic constraints hindering expansion of irrigated

agriculture. Thus, agricultural scientists, particularly in arid and semiarid
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regions, need alternative avenues for maximizing the use of the soil water

available for plant growth. The measurement and management of soil water are

therefore of great importance in efforts to test new innovations that could be

incorporated into the existing farming systems to meet the water requirement

and demands of food for ever increasing human population.

Irrigation practices should be improved to increase effective use of water

and thereby increasing irrigated areas as well as securing soil productivity

under irrigated agriculture. Under dry farming systems of rainfed

agriculture, different tillage practices should be tested for improved soil

water conservation and rain harvesting. The research work addressing the

above mentioned problems requires methods to measure soil water content

accurately and conveniently. In the following sections, the methods which are

currently used to measure field soil water content were discussed.

METHODS FOR MEASURING SOIL WATER CONTSNT

Direct Method

This is based on gravimetric sampling and requires sample containers, a

balance and an oven. It is a simple approach which can give precise

measurements. However, its use is laborious and results are only available on

the following day. Additionally, number of samples and their associated

locations influence the accuracy of field mean values.

Indirect Methods

I. Tensiometers

Water moves from areas of high energy to areas of low energy. Energy

status of soil water can be measured with tensiometers in units of energy per

unit of water. It is simply expressed as mechanical work equivalent of energy

required to change the status of water from A to B as shown in Fig 1.
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I. Flow Df water from A ID B
A - O B: + A E
Energy is produced

DAM

2. Pumping ground wafer

Pump

A O B: - A E
Energy is needed

3. Transpiration

A - O B: - A E
Energy is needed

FIG. 1.

Energy of water can be expressed in different units which are shown in

Table 1.

Table 1. Units to measure energy of water

A. Basic units

Unit of measurement Unit of water

1. Energy, erg/g
2

2. Pressure, dyne/cm
3. Length, cm

Mass, g

Volume, cm

Weigth, dyne
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Table 1. (cont.)

B. Conversion formulas

Energy of

water erg/g

Potential

joule/g Bar Atm.

Pressure

MPa KPa

h(in cm

of water)

P(in bars)

-980h -9.80E-09h h/1022 h/1035

1.0E-06P — 1.0P 0.9869P 0.1P 100P

In soil water studies/ energy of water is usually measured as the

equivalant of water energy per unit weight and it is called hydraulic head (cm

of water):

H = h + z

where H is the total hydraulic head (cm), h the pressure head and z is the

gravitational head. Under water-logged or saturated conditions, the pressure

head h is positive and is measured with piozometers; under unsaturated

conditions, however, it is negative and is measured with tensiometers. The

negative pressure head takes different names in published literature, and

among these are capillary head, matrix head or tension.

The tensiometer is a very simple equipment. It has the following three

major parts (Fig. 2): (1) a porous cup, (2) a tube and (3) a mercury

manometer (or a vacuum gauge).

Soils can hold varying amounts of water at a given capillary head,

depending on their physical and chemical characteritics. A graph describing

interdependence of soil water content and capillary head is called "soil water

characteristics curve" (Fig. 3). Soil capillary pressure measured with

tensiometers can be easily converted to soil water content with soil water

characteristics curves

2. Resistance and Capacitance Blocks

They are based on resistance or capacitance measurements made between two

metal conductors imbeded into a porous material either made of nylon or gypsum

(Fig. 4). The blocks are placed at different soil depths and measuring sites

of interest. An equilibrium exists between water within the porous blocks and

water in soil. If soil in the vicinity of the blocks is dry, waterescapes
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from the blocks and a new equilibrium is established. Soil water content can

be measured indirectly with these porous blocks using calibration curves that

relates water content to either resistance or capacitance measured in the

blocks (Fig. 5).

00

10- 10s

R (ohms)

FIG. 5. An example of calibration curve for resistance blocks.

3. Time-domain Reflectometry

The newly developed time-domain reflectometry (TDR) is essentially based

on measurement of propagation velocity of an electromagnetic pulse (voltage

step) imposed between two transmission lines (wave guides) inserted into the

soil where measurement is needed. The electromagnetic pulse traveling along

the transmission lines reflects back to its source when it reaches to the end

of the lines. Therefore the path traveled is twice the length L (in) of the

lines. The propagation velocity of the pulse is

v = 2L/t

where t (sec) is the total travel time of the electromagnetic pulse and it is

measured directly by the TDR unit. The propagation velocity v is related to

the bulk dielectric constant of the medium:

v = c/ (Kd)1/2

where Kd is the dielectric constant, and c the velocity of light in free space

(3xl0+E8 m/sec). The TDR units which are now commercially available measure

the bulk soil dielectric constant using the relation:

Kd = (ct/2L)2
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It has been shown that the soil dielectric constant is primarily a

function of soil water content, and weakly depends on soil type, soil density,

soil temperature and salt content (Top and Davis, 1985).

Measurements of soil water content with this methods gives high

correlation when compared to gravimetric sampling (Top et. a K , 1984). It has

been shown that the TDR could also be used to measure bulk soil electrical

conductivity (i.e., soil salinity) (Dasberg and Dalton, 1985; Dalton e_t al. ,

1984).

4. Nuclear Methods

There are essentially two nuclear methods used in soil water studies: (1)

neutron scattering (or thermalization), and (2) gamma ray attenuation and back

scattering. The following sections are devoted to the nuclear methods.

NEUTRON SCATTERING METHOD

Neutrons are uncharged particles (i.e., without positive or negative

charges) of mass 1.008982, slightly higher than that of protons. They decay

into a proton and an electron with a half life of 12.8 minutes. Their

classification is based on their kinetic energy levels (Table 2).

Tab)e 2. Energy levels of neutrons

Description Kinetic energy

Fast neutrons of high

energy > 10 MeV

Fast neutrons 10 KeV - 10 MeV

Intermediate 100 eV - 10 KeV

Slow neutrons 0.03 eV - 100 eV

Epithermal neutrons.. 1 eV

Thermal neutrons.. 0.025 eV
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Neutron interactions with matter are rather complex. Calculation of

neutron fluxes involves probability and diffusion theories. However, for

simple practical engineering applications, these interactions can be grouped

i. inelastic scattering

ii. elastic scattering

iii. absorption

Inelastic scattering involves transformation of kinetic energy into some

other form of energy and it is important for fast neutrons. Interactions

which interest us are elastic scattering and "absorption" (capture). With

"absorption", neutrons end their existence as a result of a nuclear reaction,

and this is often used as a basis for detection of neutrons in designing of

neutron detectors. Scattering occurs as the principal interactions of fast

neutrons; whereas, absorption occurs as interactions of slow neutrons. The

scattering of fast neutrons produces slow neutrons. The slow neutrons are

therefore the end result of elastic scattering of fast neutrons through

interactions with nuclei of surrounding atoms present in the media.

Probability of various means of interactions of neutrons with other elements

is measured with what is called "cross sections". Table 3 gives neutron cross

section of various soil elements. Probability of interactions of fast

neutrons with common soil elements is approximately the same (Table 3).

However, when low kinetic energies are reached through successive elastic

scatterings, cross section of hydrogen increases about 40 fold. Similarly

cross sections for oxygen, chlorine and iron also increase. Gardner and

Kirkham (1952) reported that the weight of an atomic nucleus also influences

the scattering process as much as cross sectional areas. The energy loss

through elastic scattering is greater, the lighter the nucleus of the

interacting element. It can therefore be concluded that hydrogen is the

primary element causing scattering and slowing down of fast neutrons in moist

soils. Multiple scattering due to elastic collisions of neutrons with nuclei

of elements reduce neutron energies to the point where they are in thermal

equilibrium with a gas at 20°C. Neutrons which have reached this energy level

may gain as much energy as they lose through further collisions. They are

considered slow neutrons of thermal energy state. Neutrons require the least

number of collisions with the element H to slow down to thermal 'energy state

(Table 3). This characteristic is used as a base to measure soil water

content with neutron scattering technique using the assumption that all the H

atoms stem from water molecules. In soils high in chloride and iron, this
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Table 3. Neutron cross sections of important soil elements in barns per atom
2

(10E-24 cm per atom)*

Element

H

B

C

N

0

Na

Mg

Al

Si

Cl

K

Ca

Fe

Scattering
fast neut.
2.5 MeV

2.5

-

1.6

1.0

1.5

2.6

2.0

2.5

3.2

2.7

3.8

4.9

3.0

Scattering
slow neut.
0.025 eV

81.5

7.5

5.5

11.4

4.2

3.4

3.7

1.5

2.4

16.0

2.2

3.2

11.8

Absorption
slow neut.
0.025 eV

0.33

755.00

3.20

1.90

0.00

0.50

63.00

0.23

0.13

31.60

1.97

0.43

2.53

Collisions

19.0

109.2

120.6

139.5

158.5

224.9

237.4

262.8

273.3

343.3

378.0

387.3

537.2

* Adapted from van Bavel (1963)

assumption may be significantly influenced by the secondary effects of

chloride and iron which also slow down neutrons when they occur in high

quantities.

Neutron Water Gauges

In neutron water gauges, neutrons are usually produced through (a,n),

(8»n) or (Y»n) reactions. For example/ in some neutron gauges/ neutrons

are produced as a result of the following nuclear reaction:

9 12
Be(a,n) C

Neutrons produced by this reaction have a spectrum of energies from 0 to

10 MeV with an average value of 4.5 MeV. The C is left in excited state

which in turn produces a photon of 1 - 1 0 MeV and goes eventually down to

ground sate. The neutron moisture gauge essentially measures the number of

slowed down neutrons (n).



Because of the following relations:

cpm = f(n)

n = g(H)

H = s(6),

where f, g and s designate different functions with the indicated arguments,

one can demonstrate that generally a linear relation exists between neutron

count rate (cpm) and volumetric soil water content (6). If such a

calibration relation is constructed which is valid for a particular condition,

soil water status of plant root zone can be continously, nondestructively and

easily monitored.

Calibration

Neutron gauges only measure slow neutrons. Because it is not easy to

describe the interactions between slow neutrons and different soils, a

calibration curve is needed to convert the neutron counts, measured with

neutron gauge, to water content. The following equation

6 = a + bR

is commonly fitted to the calibration data of the neutron gauges, where 9

(cm3/cm3) is the estimated volume fraction of free soil water (water released

on drying at 105°C), R is the ratio of neutron count rate C in the soil to the

count rate C in a standard medium, usually water, and a and b are
5

constants. However, calibration curves developed are only valid for a given

soil type for which they are derived. Soil chemical composition and soil

density have significant influence on calibration curves of neutron gauges.

Therefore users of these type of gauges must be aware of various sources of

errors involved in their calibration. Greacen e_t a^., 1981 reviewed the

methods used in calibration of neutron gauges and discussed various sources of

errors encountered in the calibration.

1. Field Calibration

Field calibration is carried out by installing access tubes in natural

field soils. First neutron count rates are measured at different soil depths

known to vary in chemical composition and bulk density. Volumetric soil

samples are then taken from the same soil depths where neutron count rates

were measured. Volumeric soil samples should be taken as close as possible to
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the neutron gauge access tube so that the sample represents a volume of soil

which comes from the sphere of influence of the slow neutrons (Fig. 6). It is

recommended that a couple of samples circling the access tube from each soil

depth is taken. Mean volumetric soil water content of the samples, measured

gravimetrically is later regressed with neutron count rate at that specific

soil depth. In practice however, neutron count rate ratios, not the count

rates, are used. For this propose, neutron count rate is first measured in a

standard medium, which is usually water, before field measurements are

started. Neutron count rate ratios (R) are calculated by dividing neutron

count rates obtained in the field with the neutron count rate of the standard

medium.

Neutron wafer gauge

Trrr
50IL

Access tube

CoblE

Detector

Sphere of
influence, D

FIG. 6. Sphere of influence of thermal neutrons in neutron gauge.

Measurement made at one site during the field calibration provides only a

single point (i.e. one volumetric water content corresponding to one neutron

count rate ratio). More points can be obtained at other randomly selected

measuring sites of the field. Optimum number of points for the calibration

procedure varies depending on field variability. The calibration curve should

cover a wide range of changes in soil water content, which could occur under

normal agricultural practices.

In some cases, users prefer to calibrate their equipment as a

supplementary work to their field experiments. They initiate their field

research work prior to calibration of the equipment. They install the access

tubes right in the experimental plots where the crops are to be grown. Soil
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core samples are taken outside of the experimental plots for the calibration

of the equipment. Neutron count rates taken right in the experimental plots

are then regressed against soil water content measurements maZe with the core

samples which may sometime be taken 5 to 10 m away from the access tubes to

prevent damaging of the experimental plots. Alternatively! soil water content

may be measured using disturbed soil samples where one can measure soil water

content on weight basis which is later corrected to volume fraction by

multiplying with soil bulk density, measured in the experimental plots at the

end of the experiment. This method of calibration provides more data points

than when soil samples are taken directly next to the access tubes. However

here, soil density and chemical composition of the sites where gravimetric

soil samples are taken may be significanly different from the sites where the

access tubes are, i.e., in the center of the experimental plots. Future

research work should evaluate if calibration of the gauges using soil samples

taken at larger distances from the access tubes gives significantly different

results from the calibration when the soil samples are taken next to the

access tubes. Many early publications used this later method of calibration;

however, to our knowledge, no one has yet compared the two different

approaches, taking soil samples very close to the access tubes or at some

distance from the tubes.

Correlation coefficients of the calibration curves, may sometime be very

low, particularly in gravelly soils. This is attributed to field

heterogeneity and inherent problems associated in gravimetric water content

measurements in gravelly soils (Babalola, 1978). Users should not be

discouraged with low correlation coefficients as long as the error of the

estimate is within the range of 10 to 15 % of the field mean water content.

Field calibration relations carries combined errors arising from field

soil heterogeneity and compaction of volumetric soil samples. The following

sources of errors are most important in field calibration procedure:

(1) Soil water content measured by direct soil sampling does not

necessarily represent soil water content within the sphere of

influence of a neutron gauge,

(2) Volumetric soil samples needed for calibration may be compacted at

some level but there are no easy means of measuring or estimating

the resulted error,
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(3) The field calibration relation is influenced by soil horizons which

differ in chemical composition and soil bulk density (Lai, 1974;

Marais and Smith, 1960).

2. Laboratory Calibration

Van Bavel (1963) suggested the use of homogeneous volumes of soil under

laboratory conditions to calibrate neutron gauges. However, it was shown that

soil containers have to be sufficiently large for the neutron count rates to

be independent of the soil volume (Van Bavel §_t a^., 1961). It was suggested

that 1 m of soil seems to be the minimum volume for low soil water

content. Size constraint may not be very critical for water contents over 20

% volume fraction (Van Bavel, 1963). The following steps should be taken in

the laboratory calibration procedure:

(1) The sample should be prepared as homogenous as possible with regard

to both soil water content and bulk density,

(2) Soil water content measurement should be based on whole volume of

the soil sample, or large sub-samples must be used,

(3) Separate samples should be prepared for each point of measurement

for the calibration relation.

3. Calibration by Simulation

In laboratory calibrations, large soil samples are required and the work

involved is too laborous. As a result relatively more permanent and easily

constructed standards made either from neutron moderators or combination of

moderators and absorbers are suggested. The following mixtures are seme

examples used for this propose:

(1) Mixture of alum (A1T1(SO ) .12H 0) and sand in large barrels

to correspond to certain known soil water content (McGuinness ej;

al., 1961),

(2) Paraffin and sand mixtures (Hauser, 1962),

(3) Liquid standards containing either boric acid or cadmium chloride

(Van Bavel et̂  al. , 1961).
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However one has to note that calibration with simulation standards can

only be used as a supplement to known calibration relation in soils. Thus

they can not substitute the actual calibration relation and only help to

evaluate the behavior of the equipment in the long run. Calibration with

simulation standards also provides valuable data for interchange of

calibration curves developed for a given type of probe. This IS very useful

when a user buys a new gauge and he wants to adapt the calibration curve of

his old gauge for the new one. This is only possible if the user had

calibrated his old equipment both in the field and using simulation

standards. One can estimate coefficients of the calibration curve for the new

probe with measurements made only in the simulation standards. Nakayama and

Reginato (1982) used plastic blocks as intermediate standards for transferring

the field calibration from one probe to an other. However, the procedure is

applicable only for those gauges of similar geometry, detector type and source

strenght (Reginato and Nakayama, 1987).

4. Theoretical Calibration

This method is based on a numerical model describing interactions of

thermal neutrons with soil matrix (Couchat et_ a_l., 1975). The method requires

measurement of neutron capture characteristics of soils. However, the neutron

capture characteristics of field soils can only be measured in specific

laboratories. The final stage of calibration calculations, has once again to

rely on a reference calibration curve, prepared for a specific probe. Vachaud

et al. (1977) showed that the theoretical calibration was well suited for

determining the calibration curve of clay soils and of heterogeneous gravelly

soils for which field calibration may present difficulties. The method seems

to be promising; however, further effort should be continued to improve and

simplify measurement of neutron capture characteristics of field soils.

Exercise 1

Field calibration of a neutron gauge was carried out in research fields of

the Agency's Laboratory, Seibersdorf, as a training exercise. Forty measuring

sites were selected in the field. First, measurements were made in half of

the sites which were randomly selected, when soil was relatively dry.

Measurements were completed in the remaining sites, after the field was

irrigated to increase field soil water content. The calibration data is

given in Table 4. Calculate for all sites neutron count ratio R by

R = C/C
s
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Table 4. Field calibration data of CPN 503DR gauge.

Site

No

Count Water Cont. Site Count Water Cont.

C 0 (%) No C 6 (%)

Std. Count (C ): 12257

2

3

4

7

9

12

14

15

18

19

22

23

24

27

29

32

34

35

38

39

13422

13555

11830

12980

18311

17073

13951

12982

15668

15293

12910

11136

12847

12606

12354

11873

12034

12107

13108

13307

33.76

34.09

29.75

32.64

46.85

42.94

35.09

32.65

39.38

38.46

32.47

28.56

32.31

31.78

31.07

29.86

30.27

30.45

32.95

33.47

1

5

6

8

10

11

13

16

17

20

21

25

26

28

30

31

33

36

37

40

19581

15771

14805

15639

19293

19569

17108

16328

18184

19696

15611

12954

14340

14024

14893

14235

15083

14535

14413

14604

49.25

39.66

37.23

39.33

48.52

49.22

43.03

41.06

45.73

49.52

39.26

32.56

36.06

35.27

37.46

35.80

37.73

36.56

36.25

36.73

Using R as an independent variable, calculate the regression equation

which estimates soil water content 8 with neutron count ratios.

ISSUES DEALING WITH THE USE OF NUCLEAR GAUGES

1. Calibration in Gravelly Soils

Soil water content measured with neutron gauges is an average value

integrated over a spherical volume of the soil which is called "zone of

influence" of the gauge. The measurement gives volume fraction of water
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existing in the soil. If the soil is very gravelly water content measurements

made with neutron gauges are not necessarily what plant roots are exposed to(

because the gauge simply gives an average water content integrated over a

large volume of soil/ including stones. Water uptake by roots comes from the

soil fraction. Therefore one has to correct calibration curves if water, as

fraction of fine soil particles, is to be measured. The reports by Lai (1977)

and Babalola (1976) should be consulted for further information on the

influence of soil gravel content on neutron calibration curves.

2. Influence of soil cracking on neutron gauge measurements

Some soils crack due to shrinkage upon drying. In such instances, the

neutron access tubes are exposed to air in the measuring sites, and the

problem is further complicated by increase of soil bulk density as the soil

dries. Therefore, the users of the gauges should be concerned about erroneous

measurements obtained under such conditions. However, Hodgson and Chan (1981)

reported that corrections of the calibration curves to account for soil

cracking and density changes do not improve the calibration very

significantly. Therefore, it is not necessary to worry about this issue as

long as the calibration curve covers the complete range of soil water content

where cracking and shrinkage of the soil are observed.

3. Number of Measuring Sites for Neutron Gauges

If one has prior knowledge of site variability as standard deviation of

estimated water storage, it is very simple to calculate the number of sites

needed to achieve a given level of accuracy in the measurement, by using the

procedure described by Johns e_t a_l. (1981). If the measurements are assumed

to follow a normal probability distribution, then one can write

N = tpS2/D2 [1]

where N is the number of measuring sites, t the tabulated value of t for the
2

probability level p, S the variance of the measurements and D is the

specified deviation from the true mean which is to be estimated. As an

example, for 95% probability, using an approximate t value of 2.0, for S = 10

mm and D = + 5 mm

N = 4x100/25 = 16 sites.
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In general practice, the aim of soil water studies is to compare different

treatments. Therefore, the essence is to estimate how many measuring sites

are needed in each treatment, to achieve a specified least significance

difference (L.S.D.) between the treatments. Again following the procedure

described by Johns e_t aK (1981).

N = 2tp S2/(L.S.D.)2 (2]

where (L.S.D.) is the 5 % least significant difference. As an example, for

S = 10 mm, to achive a 5 % L.S.D. of 10 mm, one wou]r! need

N = 2x4x100/100 = 8 measuring sites.

ACCESS TUBE INSTALLATION

Aluminum, aluminum alloy, brass and stainless steel tubes are among the

most commonly used material for neutron access tubes. All aspects of access

tubes and their installation were discussed by Eales (1969). This section is

prepared based on his work.

The following factors affect the choice of the tubing material:

(1) Soil chemistry,

(2) Durability of tubing material,

(3) Depth of access tube installation.

Aluminum is the most transparent material to thermal neutrons. Brass,

although may reduce the count rate slightly, but it is less corrodible in

sodium affected soils. A stainless steel tube is the most durable material,

but neutron count rates are reduced significantly due to the large absorption

cross-section.

Bottom end of the access tubes should ideally be closed by a tapered plug

of the same material. When they are installed, the tops of the tubes must

also be closed with appropriate caps.

For installation of access tubes, hand operated soil augers should be

used. Motor powered mechanical augers may cause drastic disturbance of the

soil structure owing to churning with caught-up stones, compression.
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over-sizing etc. The following equipments are needed for an ideal

installation of access tubes:

(1) Aluminum plate,

(2) Guiding-tube made of steel with cutting edge,

(3) Hand auger,

(4) Tube extractor,

(5) Access tubes.

The following steps are taken for the access tube installation:

(1) Place the aluminum plate on the site selected for installation of

the access tube,

(2) Working through the hole at the center of the aliminum plate, drill

12 to 15 cm with a hand auger,

(3) After the auger is withdrawn, insert the steel guiding tube to the

same depth as the auger reached. Make sure that the tube is placed

vertically,

(4) With a hand auger, once again drill further 12 to 15 cm depth,

withdraw the auger and hammer down the guiding tube to the bottom of

the hole,

(5) The loose soil can be taken out with an auger through the guide tube,

(6) Continue this procedure until the required depth is reached,

(7) After insertion of the guiding tube to the required depth, it is

withdrawn with care to prevent a widening of the auger hole,

(8) Insert the permanent access tube by ramming gently into the soil,

(9) Cut the top of the access tube at the desired height.

The guide tube can sometimes be easily removed by twisting and pulling

with a tommy bar. But in some cases it must be hauled out with a specially

designed grip and puller jack. It is essential to rotate the tube

particularly while withdrawing it from wet and heavy clayey soils, so as to

avoid enlarging the access tube hole.

Prebble e_t aj^. (1981) summarized different procedures used in access tube

installation, which would normally vary depending on the nature of the work

and soil types.

200



MEASUREMENT OF SOIL DENSITY WITH GAMMA RADIATION

Gamma radiation is electromagnetic radiation and as a result, has more

penetrating effect than other types of radiation with similar energy.

Absorption of gamina rays in matter depends mainly on (1) photon energy, (2)

proton number and (3) density of absorbing material. Various types of

absorption are described below:

i. Photoelectric absorbtion

This is mainly for gamma radiation of relatively low energy and absorbing

materials of high atomic number (i.e., high number of protons in the

nucleus). Gamma rays (photons) interact with those electrons which are

closest to the nucleus of the absorbing atom, K- or L- shell electrons. When

gamma ray is completely absorbed, an electron with energy slightly less than

that of the absorbed gamma ray is ejected (Fig. 7a). The energy difference is

equal to the binding energy of the electron.

FIG. 7. Different modes of interactions with gamma rays and matter.

ii. Coapton effect

Corapton effect is an interaction of gamma photon with an outer electron of

the absorber atom. Part of the energy is absorbed (transferred to the

electron) and the photon is scattered off in a new direction. After multiple

scatterings, the photon goes through photo electric absorption (Fig. 7b).

iii. Pair-production

This can only occur when gamma photons have at least initial energies of

1.02 MeV. Here gamma photons interact with the positive field of the nucleus

of the absorbing atom. Its energy is completely used up by producing a
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positron and an electron pair. Threshold energy for pair production is 1.02

MeV. Both positron and electron cause ionization along their respective paths

(Fig. 7c).

GAMMA RADIATION PROBE

Based on known interactions of gamma rays with orbital electrons of soil

constituents, one can measure soil density. Gamma photons with energy less

than 1 meV interact with surrounding electrons with so-called "compton effect"

and/or photo electric absorbtion. As the number of electrons increase per

unit volume of soil, the compton scattering power of the medium increases

proportionally with increase of soil density. Thus as the electron density

increses in the medium, the probability of multiple scattering will increase.

This condition implies that the probability of photoelectric absorption will

also increase, thus causing a reduction of gamma photons reaching the

detector. Commercially available gamma probes work mainly on the two

princibles of gamma-ray attenuation or gamma back scattering.

i. Gamna-ray Atenuation Technique

When monoenergetic and collimated gamma rays pass through a given

material, the intensity of incident beam (I) is attenuated owing to the

interaction of gamma photons with the material. The attenuated fraction of

gamma rays (dl/l) is directly proportional to the thickness of the material X,

as described below:

dl/I = - kX [3]

In this relation, k is refered to as linear attenuation coefficient which

is the sum of several attenuation coefficients representing individually

occurring attenuation processes (Ferraz and Mansel, 1979):

k + k + k + [4]
c e p

where subscripts c, e and p represent compton, photoelectric and pair

production effects. The sum of these coefficients indicates the total

probability of attenuation of gamma rays of specific energy during

transmission through a given material of some specific chemical composition.
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Gamma ray attenuation coefficients can also be expressed as a mass

attenuation coefficient, which is simply the linear coefficient (k) divided by

the density (p) of the material absorbing the gamma rays.

Attenuation of gamma rays can be described by the following relations:

dl/I = - u pdX [5]

Integration of equation [5] yields

In (I/I ) = - M pX or [6]

I/IQ= exp(- u pX) [7]

where I and I are initial and attenuated gamma ray counts, respectively.

Field soils are composed of solid particles, liquid water and air space.

If one ignores attenuation by soil air/ then

I/I = exp[-( u 0 + p u )X] [8]
o w s s

In practice americium-241, cesium-137 or cobalt-60 is used as a gamma

source in laboratory gamma attenuation equipment. Approximate gamma

attenuation coefficients of water and soil for monoenergetic radiation from

the above sources are given in Table 5.

Table 5. Approximate gamma attenution coefficients of water and soil.

Source Energy Water Soil

Am-241 60 keV 0.200 0.25 - 0.42

Cs-137 662 keV 0.085 0.077

The following can be measured with laboratory gamma attenuation equipment:

(1) Water content if soil bulk density and u are known.

(2) Soil bulk density if water content and u are known.
w
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(3) Change of soil water content under non-swelling conditions using the

relation

e=(i/uwx).m [9]

where subscripts 1 and 2 are for initial and later stage gamma

attenuation measurements.

(4) Soil water content and density can be measured simultaneously if

dual gamma source is used (Ferraz and Mansell, 1979).

i i. Gamma Back Scattering

Gamma rays from monoenergetic gamma sources go through successive

scatterings before reaching a detector (Fig. 8). Primary interactions of

gamma rays in these types of probes are compton scattering and photo electric

absorption. Wet soil density can be obtained directly with this type of

equipment using simple empirical calibration relation of the type shown in

Figure 8.

Attenuation

FIG. 8. Principle of commercial gamma probes working either
based on backscattering or attenuation.
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Gamma probes which are presently in use are coupled with neutron probes to

measure soil dry density and volumetric water content simultaneously.

USE OF NUCLEAR GAUGES IN SOIL WATER STUDIES

Nuclear methods namely neutron moisture and gamma density probes have

rather wide area of application in agricultural research. They are

nondestructive methods, and once calibrated, are very easy to use. For

certain type of work, they can be used directly, without additional

calibration, beyond that supplied by the manufacturer. The following section

deals with their various uses in agricultural research.

Water Storage in the Plant Root Zone

Information on water storage in the plant root zone is widely used for

decisions on the most suitable types of cropping systems in a given region.

Effective rainfall at the end of a rainy season can easily be assessed by

changes in vater storage before and after the rains. Water retention capacity

of soils influencing water availability to plants can be calculated if one

knows the changes of water storage in the plant root zone before and after

irrigation.

Only soil water content distribution profiles within the plant root zone

are needed to calculate the amount of soil water stored (S(t)). This is

easily assessed with neutron moisture probes using the following equation,

S(t) = J"L 6dz [10]

S(t) = E 6 Az [11]

where the right sides of the equations are the area under the soil water

profile curve (Fig. 9).

Exercise 2

A field experiment was irrigated with 25 mm water by sprinkler irrigation

system. Calculate whether the applied water was adequate to wet 50 cm of the

soil profile using soil water content data in Table 6. Calculate also the

change of soil water storage, S and comment on evaporative loses of water

during irrigation.
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FIG. 9. Soil water storage in plant root zone.

Table 6. Neutron gauge data before and after irrigation.

Depth

Z (cm)

Neutron count, C

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

9S

100

Before

13727

12900

1268a

11090

9615

9600

10900

10500

9900

9998

9980

9950

10000

9990

9980

9990

9900

After

16670

16250

15209

13400

12674

12S00

11090

10995

9916

9900

9890

9950

9989

10000

9955

9989

9920

Std. Count. Cs 12343 12484

Neutron gauge calibration equation:

9 = 1.4919 + 16.401R (I)
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Plant Booting Habits

Information on plant rooting habits is valuable for irrigation

management practices and fertilizer application. For instance, irrigation

engineers use a concept called "effective rooting depth" in irrigation system

designs, which is the maximum soil depth providing 80 % of water used by

plants. The effective rooting depth is needed to calculate irrigation water

requirement. Adequacy of irrigation water application can best be evaluated

if one knows the effective plant rooting depth. Plant rooting habits can also

be used in the selection of plant genotypes adapted to drought.

Depths of soil water depletion can be used as indirect means of estimating

plant root activity distribution in soil profiles (Levin et_ a_l., 1973; Castle

and Krezdorn, 1977; Stone £t aj,., 1976). A review by Bohm (1979) compares

methods developed to study root systems.

Exercise 3

Table 7 shows soil water content distribution profiles for two different

crops planted in the same field. Plant nutrition status as well as physical

and chemical characteristics of the soil were identical for the two crops.

Initially, both sites were adequately irrigated and soil water content was

brought to field capacity. Table 8 which is complementary to Table 7 shows

changes of soil water storage S in each 10 cm soil layer 2 weeks after

irrigation.

Table 7. Soil water distribution profiles under two different crops.

Depth Initial 6 (cm3/cm3), after 2 weeks
Z (cm) 6 (cm3/cm3) Plant 1 Plant 2

0.40* 0.38*
0.44 0.39
0.46 0.36
0.48 0.40
0.48 0.40
0.52 0.44

0.46
0.46
0.46

10
20
30
40
50
60
70
80
90
100

0.50*
0.55
0.54
0.52
0.52
0.52
0.50
0.47
0.45
0.45

Measured gravimetrically.
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Table 8. Change of soil water storage, partitioned for different soil layers,

under two different crops.

Depth

2 (cm)

10

20

30

40

50

60

70

80

90

Total

Plant 1

AS(cm/10cm)

1.00

1.10

0.80

0.50

0.40

0.00

—

—

—

3.80

S(%)

26.31

28.95

21.05

13.16

10.53

0.00

—

—

—

100.0

Plant 2

AS(cm/10cm)

1.2

1.60

1.80

1.60

1.20

0.80

0.40

0.10

--

8.70

Asm

13.79

18.39

20.69

18.39

13.79

9.20

4.60

1.15

—

100.0

Figure 10 compares soil water distribution profiles of the two plant

species. Depth of soil water depletion under plant no. 2 is deeper than for

plant no. 1. More than 50% of total water depletion, under plant 1, was

observed within the first 20 cm of soil layer (Fig. 11). This implies that

the roots of plant no. 1 were more active at shallower depths as compared to

plant no. 2. Effective rooting depths were 35 and 45 cm for plant no. 1 and

2, respectively.

0.60

0.55 -

0.50 -

0.40 -

8 0.35

< 0.30 -

° 0.25

0.20
40 60
DEPTH, 2{cm)

80 100

FIG. 10. Water distribution profiles under two different plant species.
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20 40 60 80 100

DEPTH, Z(CM)

FIG. 11. Estimate of plant rooting characteristics. A) Relative root activity
distribution. B) Differences in effective rooting depths of two plant species.

Measuring Soil Hydraulic Properties

The accurate calculation of solute and water fluxes in field soils is only

possible if good data on hydraulic conductivity is available. Many computer

simulation models on changes of soil water status in the plant root zone,

leaching of fertilizers and other agrochemicals, waste disposal and pollutant

transfer problems in soils need information on unsaturated hydraulic

conductivity of soils. Experimental work on plant water consumption also

necessitates data on hydraulic conductivity measurements. Hydraulic

conductivity of field soils is a very important physical property which

influences water infiltration characteristics of soils. In drainage work of

wet lands, hydraulic characteristics of soils are also needed.

There are a number of methods for the measurement of soil hydraulic

conductivity in the field. There are two main approaches that can be used to

calculate hydraulic conductivity. The first approach is that described by

Nielsen e_t al. (1976) and necesitates soil water tension measurements in

addition to the rate of soil water content decrease within the soil profile.

The following relations can be used to calculate the hydraulic conductivity:

K(6) = [L(d9/dt)]/(dH/dz) [12]

where dH/dz is the hydraulic gradient mesured at soil depth L using

tensiometers.
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The second approach is simpler and does not require tensiometer

measurements. Jones and Wagenet (1984) reviewed and compared several

simplified methods for measuring soil hydraulic conductivity. One of the

methods tested was that described by Libardi <̂t a_l. (1980). In this approach,

K(6) was of the form

exp[B(6o - 0)]K(6) =

where 6 is constant and K and 8
o

saturation, respectively.

using the field data and the relation

o o
The values of 6 and K

[13]

are the values of K and 9 at

are to be calculated

In [z(d6/dt)J = 6 (6 - 9) + lnK
o o

[14]

a semi-log plot of the absolute value of Z(d6/dt) against (8 -6) gives

lnK from the slope and intercept, respectively.

Exercise 4

A training exercise was carried out in the Agency's laboratory at

Seibersdorf to measure unsaturated hydraulic conductivity of the research

field. A plot of 5x5 m was selected. An access tube was installed in the

center of the plot. Levees of 10 cm height, going all around the square-

shaped plot, were prepared. The plot received 15 cm of water which was ponded

as 5 cm increments. At the completion of applying the last 5 cm water

increment, the soil surface was covered to prevent evaporation (a prerequisite

of the method). Soil water content was measured at 20 and 30 cm soil depths

over a 4 day (96 h) period. Table 9 gives the data.

Table 9. Changes of soil water content

measurement.

(0) for hydraulic conductivity

Time

t(h)

0

6

12

24

36

48

eo
72

84

96

Soil depth,

20

0.470

0.430

0.400

0.380

0.300

0.310

0.305

0.292

0.2B0

0.291

Z (cm)

30

0.430

0.410

0.360

0.320

0.360

0.280

0.291

0.284

- 0.284

0.269

Average

5
0.450

0.420

0.380

0.350

0.330

0.295

0.298

0.288

0.282

0.280
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Data in Table 9 are enough to estimate unsaturated hydraulic conductivity

which is assumed to be adequately descibed by equation [13].

Table 10 gives the major steps involved in the calculations. The slope

d6/dt given in column (2) of Table 10 is calculated using an exponential

curve fitted for the plot of 0 versus t. Figure 12 shows the fitting

e = 0.557 t
-0.15289

dG/dt = -8.51X10"2 t"1-15289

Table 10. Basic data for estimation of K(O}*.

e

( i )

0.450
0.420

0.380

0.350
0.330
0.295
0.298
0.2B8
0.282
0.280

de/dt
(h )

(2)

—

-1.179E-2
-4.854E-3

-2.183E-3
-1.368E-3
-9.816E-4
-7.590E-4
-6.151E-4
-5.149E-4
-4.415E-4

In [Z(d6/dt)J

(3)

—

-1.128
-1.927
-2.726
-3.193
-3.525
-3.782
-3.993
-4.170
-4.324

e - e
o

( 4 )

0.000

0.030

0.070

0.100

0.120

0.155

0.152

0.162

0.168

0.170

* Z = 30 cm

6 = 0 . 4 5 cm3/cm3
o

0.50

0.40 -

CO

I
§0.20
o

0.10 -

0.00

-0.153
9 = 0.557T

de/dT = -8.516E-02T

20 80 10040 60

TIME. T(H)

FIG. 12. Decrease of mean soil water content (9) with time (t), within the 40 cm of soil depth.
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A plot of the variable (6 - 6) versus In [Z(d9/dt)J given in

Table 10, should give a straight line described by the equation [14].

In [Z(d0/dt)] = -21.758(9 - 6) - 0.472, r = -0.992
o

Therefore, the exponential equation [13) describing unsaturated hydraulic

conductivity is

K(6) = 0.620exp(-21.758(0.45 - 6)).

Plant Water Consumption Studies

In plant water consumption studies, water balance approach is the simplest

method one can use. Figure (13) describes the main components involved in

estimating plant water requirement. Water balance in the plant root zone L

can be described by

I + P - (D + ET) = + AS (15)

where I and P, representing irrigation and precipitation can easily be

measured, AS is change in soil water storage of the plant root zone which

can be measured with the neutron moisture gauge; D and ET are drainage and

evapotranspiration terms respectively. Drainage water D can be estimated with

tensiometer data at the rooting depth L, in addition to assessing changes of

soil water storage (De Boodt et al., 1967). Integral of water flux over a

Z = 0

WATER BALANCE " r

+ R - (D + ET) = +AS

FIG. 13. Water balance model for estimation of crop water use.
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given time period, at the lower end of the plant rooting zone, gives the

drainage term in equation [15]. Therefore one can write

D = J* qdt [16]

where q is the water flux which may either be positive or negative, depending

on water loss below the rooting zone or water gain from ground water table.

The flux q can be measured, using the well known Darcy's law

q = -K(6)dH/dz [17]

where K(9) is the unsaturated hydraulic conductivity for the water content

0 at the lower end of the plant rooting zone, and dH/dz the gradient of soil

water hydraulic head, which is measured with tensiometers placed at different

soil depths. Under rainfed agricultural sytems in arid and semiarid regions,

the following assumptions can be made during certain periods of plant growing

season:

I = 0; P = 0; D = 0

In this case, plant water consumption (i.e. evapotranspirat ion) is simply

E = -AS

Exercise 5

1. Seasonal crop water use

In an experiment conducted in the research fields of the Seibersdorf

laboratory in 1985, water use of faba beans (Vicia faba) was measured. The

experimental data of 5 randomly selected plots are given in Table 11.
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Table 11. Raw data for crop-water-use study of Vicia faba

Site

Ho

1 S*

q

2 S

q

3 S

q

4 S

q

5 S

q

I(cm)

P(cm)

3

18.4

—

22.1

—

19.6

—

16.4

—

13.6

—

•• 1.0

0.0

10

20.0

0.0

22.5

0.0

22.3

0.02

18.9

0.03

16.8

0.01

1.4

0.4

17

20.9

0.0

22.1

0.0

22.2

0.0

18.7

0.0

16.3

0.0

1.4

0.9

Days after

24

20.1

0.0

21.6

0.0

20.9

0.0

17.7

-0.01

15.2

0.0

1.4

2.8

planting

31

24.7

0.06

28.9

0.09

25.6

0.08

23.2

0.05

21.0

0.06

3.0

4.9

40

18.4

-0.15

21.0

-0.25

20.4

-0.08

16.7

-0.12

14.5

-0.14

3.0

6.4

46

20.8

-0.08

23.6

0.0

23.9

0.0

19.3

0.0

18.6

0.05

3.0

8.8

54

23.1

0.0

25.9

0.02

25.5

0.0

21.5

0.0

19.6

0.0

4.2

8.8

61

20.8

0.0

22.6

0.0

23.1

0.0

18.7

-0.02

17.0

0.0

4.2

10.0

* Storage S(cm/100cm of so i l depth)

Flux q(cm/d)

«* I and P are cumulative values/ until the indicated days after planting.

The estimation of overall crop water use of faba beans, during 61 days, is

as follows:

Site No

Change of soil water storage AS....

Total irrigation water applied I(cm)

Total rainfall P(cm)

Drainage D = SqAt (cm)

Runoff

20.8 - 18.4 cm/100 cm

2.4

4.2

10.0

7x0.06 - 9x0.15 - 6x0.08

-1.41 cm

Assumed to be 0 cm.

Using equation [15] gives

4.2 + 10.0 - (-1.41 +ET) = 2.4

ET = 13.2 cm

Complete the calculations for other sites.
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2. Crop water use at different growth stages

Calculations are similar for the overall crop water use. Suppose it is

desired to compare crop water usage during the first one month of growth with

that of the remaining period. Example calculations, again completed for the

site no. 1, are as following:

Site No

First 31 days

Change of soil water storage AS....

Total irrigation water applied I(cm)

Total rainfall P(cm)

Drainage D = EqAt (cm)

Runoff

From equ. [15] ET (cm),

24.7 - 18.4 cm/100 cm

6.3

3.0

4.9

7x0.06

0.4

Assumed to be 0 cm

1.2 cm in 31 days

Last 30 days

Substraction of the crop water use in the first growth period from the

seasonal crop water use results

ET = 13.2 - 1.2

= 12.0 cm in 30 days.

Note that crop-water use increased about 10 times in the second half of

the growing period. One can carry out similar measurements for shorter time

intervals and examine time and growth stage dependence of crop water usage.

Complete the measurements for other sites and comment on the field

variability.

Water Pse Efficiency Studies

In arid and semiarid regions/ the availability of water resources is often

critical, and thus irrigation water is not always available, and consequently

dry farming practices are commonly used. Crop cultivars with high water use

efficiency (WUE) have prime importance for optimum use of available water

resources. Hence research to select crop varieties with high HUG has
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immediate practical application. For the estimation of WUE, the essential

requirement is an estimate of the crop water consumption during the growing

season, which is easily assessed with neutron moisture gauges as described

above. The following equation is used to calculate WUE:

WUE = Yield / water consumption [18]

The yield can be expressed in various ways, depending on interests of the

farmers. In some areas, only grain yield may be important, but in others crop

residues can equally be valuable as animal feed. Therefore, the yield (Y) is

better expressed as the above-ground dry matter. The above equation ignores

the root system although it constitutes a substantial portion of the total

plant mass (Brown ejt a_l. , 1987; Gregory e_t al. , 1984). Total water used at

field level (U) can be partitioned into its respective components as

U = E + T + R + D [ 1 9 ]

where E is evaporation from soil surface, T is transpiration, R is runoff and

D is the water lost through deep percolation. In general practice, it is

difficult to apportion water use into that lost by transpiration and that lost

by soil evaporation, and therefore they are combined and called evapotrans-

piration (ET).

Combining equation [19] in the relation for WUE gives

WUE = Y/U

[201

Where the ratio Y/T is called transpiration efficiency. Copper e_t al.

(1987) discussed various agronomic pratices available for increasing crop

water use efficiency. It is apparent from equation [20] that there are 3

principal ways to increase WUE (Copper et. al., 1987). First, changing

transpiration efficiency (Y/T); second, increasing T by way of increasing

total water supply at field level; third, if the supply of water is limited,

reducing water loss through pathways other than transpiration. Reader should

refer to Copper e_t aK (1987) for more comprehensive discussion on WUE.
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Exercise 6

Water use efficiency of Vicia faba

Table 12 gives total-dry yield data of Vicia faba for the same plots shown

in Table 11. Estimate field variation in WUE of Vicia faba/ using water-use

data provided in Table 1.

Site No : 1

WUE , : V Total ET

: 2322.7/13.2 = 175.96 kg/ha.cm

Completion of calculations for other plots is an easy exercise. Discuss

what additional data is needed to attribute the observed variability in WUE to

field variability alone. What soil and crop properties should have been

measured to explain the observed field variability?

Table 12. Total dry-yield data of Vicia faba.

Site No. Yield, Y (kg/ha)

1. 2322.7

2. 2654.2

3. 2281.6

4. 2275.6

5. 2114.6

Irrigation Scheduling

It is the usual practice to use available soil water content as a

criterion for deciding when irrigation is needed. Soil water content profiles

based on measurements made with neutron moisture gauges can describe the

depletion of available soil water rather accurately. Although it may vary

depending on different type of crops, the usual practice is such that the

irrigation is started when available water content is decreased down to 50 %.
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Exercise 7

Table 13 gives soil water content distribution profiles of a field planted

to sorghum. Water retention characteristics of the field soil are as follows:

1. Field capacity.... FC = 0.32 cm /cm

2. Wilting point WP = 0.12 cm /cm

If it is assumed that effective rooting depth of sorghum is 40 cm, soil

water storage at field capacity is

S(FC) = 0.32x40 = 12.8 cm/40 cm of soil

Soil water storage should be maintained at this level, if available soil

water, for plant growth, is to be kept at the level of 100%. Minumum soil

water storage at wilting is

S(WP) = 0.12x40 = 4.8 cm/40 cm of soil

which conversely designates 0 % available water. Total available water (TAW) is

TAW = S(PC) - S(WP)

= 12.8 - 4.8 = 8 cm/40 cm soil.

For site no. 1, calculate soil water storage for the date 86/06/26.

From equation [11]

S (cm/40 cm) = 20x0.223 + 10x0.247 + 10x0.197

= 8.9 cm/40cm

Available water (AW) left in the soil is

AW = 8.9 - S(WP)

= 8.9 - 4.8 = 4.1 cm/40 cm of soil

%AW = (AW/TAW)xlOO

= (4.1/8.0)xl00 = 51 %

which indicates that AW decreased to just the level which was permisible, and

therefore the field has to be irrigated.
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The net amount of irrigation water needed to bring the AW to 100 % level

is simply the difference between soil water storage,prior to irrigation, and

the storage at field capacity, S(FC):

I = S(FC) - S

= 12.8 - 8.9 = 3.9 cm

= 39 mm or 390 ra3/ha.

Table 13. Water content distributions at randomly selected sites of a sorghum

field.

Site

No

1

2

3

4

5

Depth

Z (cm)

20

30

40

20

30

40

20

30

40

20

30

40

20

30

40

Water

86/06/26

0.223

0.247

0.192

0.204

0.226

0.192

0.1B8

0.222

0.219

0.215

0.233

0.257

0.228

0.207

0.168

content at different

86/07/03

G (cm /cm )

0.179

0.195

0.164

0.183

0.193

0.158

0.165

0.182

0.180

0.174

0.196

0.228

0.174

0.156

0.123

dates

86/07/17

0.182

0.171

0.129

0.192

0.158

0.109

0.151

0.139

0.106

0.179

0.175

0.173

0.162

0.120

0.089

Complete the calculations for all sites and discuss whether a constant

irrigation interval could be estimated.
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